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A  s t u d y  o f  i n t e r a c t i o n s  b e t w e e n  p r i m a r y  m e t a b o l i t e  
a c c u m u l a t i o n  a n d  s e c o n d a r y  m e t a b o l i s m  w a s  c o n d u c t e d  i n  c o n t i n u o u s  
c u l t u r e  o n  d e f i n e d  m e d i a  u s i n g  a s  a  m o d e l  o r g a n i s m  S t re p to m y c e s  
n o u r s e i ,  a  p r o d u c e r  o f  n y s t a t i n  a n d  c y c l o h e x i m i d e . D a t a  a r e  
p r e s e n t e d  o n  b i o m a s s  y i e l d  f o r  c u l t u r e s  l i m i t e d  b y  c a r b o n ,  
n i t r o g e n ,  p h o s p h o r u s ,  s u l p h u r ,  m a g n e s i u m ,  p o t a s s i u m  a n d  i r o n .  A  
t h r e e  f o l d  h i g h e r  y i e l d  o f  b i o m a s s  o n  p h o s p h a t e  w a s  f o u n d  f o r  
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y i e l d  d a t a  f o r  c a r b o n  a n d  n i t r o g e n ,  t w o  p r o l i n e  b a s e d  m e d i a  w e r e  
d e s i g n e d  t o  p r o v i d e  p r o l i n e - c a r b o n -  a n d  p r o l i n e - n i t r o g e n - l i m i t e d  
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t h e s e  m e d i a  a t  a  n u m b e r  o f  d i l u t i o n  r a t e s  a n d  s t e a d y - s t a t e  
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t e n d e n c y  t o  l o s e  b i o s y n t h e t i c  c a p a c i t y  w i t h  i n c r e a s i n g  g r o w t h  
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C H A P T E R  1
IN T R O D U C T IO N
M i c r o o r g a n i s m s  i n  t h e i r  n a t u r a l  h a b i t a t  p l a y  a n  i m p o r t a n t  
p a r t  i n  d e g r a d i n g  a n d  r e - c y c l i n g  t h e  c o m p o n e n t s  e s s e n t i a l  t o  
l i v i n g  s y s t e m s .  T h e s e  o r g a n i s m s  a l s o  p o s s e s s  u n i q u e  b i o s y n t h e t i c  
p a t h w a y s  a n d  t h e  d i s c o v e r y  o f  p e n i c i l l i n  d e m o n s t r a t e d  t h a t  
m i c r o b e s  c o u l d  s y n t h e s i s e  c o m p o u n d s  u s e f u l  i n  d i s e a s e  c o n t r o l .  
R e s e a r c h  h a s  e x t e n d e d  t h e  a p p l i c a t i o n s  o f  m i c r o b i a l  p r o d u c t s  
b e y o n d  a n t i b i o t i c s  t o  i n c l u d e  t r e a t m e n t s  f o r  c a n c e r ,  v i r a l  a n d  
p a r a s i t i c  d i s e a s e s .  N e w  a n t i t u m o u r  a g e n t s  ( I c h i m u r a  e t  a l . , 1 9 8 8 ;  
I t o h  e t  a l . , 1 9 8 8  )  a n d  i m m u n o m o d u l a t o r s  ( S h i b a t a  e t  a l . ,  1 9 8 8 )  
c o n t i n u e  t o  e m e r g e  a n d  a g r o c h e m i c a l  r e s e a r c h  h a s  y i e l d e d  
h e r b i c i d e s ,  i n s e c t i c i d e s  a n d  p l a n t  g r o w t h  r e g u l a t o r s .  A  r e c e n t  
r e v i e w  b y  D e s h p a n d e  e t  a l .  ( 1 9 8 8 )  i n  a d d i t i o n  t o  t h e  a b o v e  
d i s c u s s e s  s p e c i f i c  e n z y m e  i n h i b i t o r s ,  v a s o d i l a t o r s  a n d  
a n t i t h r o m b o t i c  a g e n t s .
A c c o r d i n g  t o  B e r d y  ( 1 9 8 5 )  m o r e  t h a n  7 0 0 0  a n t i b i o t i c s  h a v e  
b e e n  i s o l a t e d  f r o m  m i c r o o r g a n i s m s  a n d  o f  t h e s e  a b o u t  4 3 %  a r e  
p r o d u c e d  b y  a c t i n o m y c e t e s , 1 5 %  b y  f u n g i  a n d  9% b y  b a c t e r i a .  T h e  
m a j o r i t y  o f  t h e s e  c o m p o u n d s  a r e  p r o d u c e d  b y  o r g a n i s m s  w h i c h  h a v e  
l e v e l s  o f  o r g a n i s a t i o n  w h i c h  e x t e n d  b e y o n d  t h e  c o n f i n e s  o f  a  
s i n g l e  c e l l ,  p a r t i c u l a r l y  t h o s e  p r o d u c i n g  f i l a m e n t s  o f  c e l l s .  T h e  
p u r p o s e  o f  t h i s  d i v i s i o n  o f  l a b o u r  b e t w e e n  t h e  c e l l s  a p p e a r s  t o  
b e  a i m e d  a t  e f f i c i e n t  e x p l o i t a t i o n  o f  f o o d  s o u r c e s  a n d  w h e n  
n u t r i e n t s  a r e  i n  s h o r t  s u p p l y  e q u i p p i n g  a  p r o p o r t i o n  o f  t h e  
p o p u l a t i o n  w i t h  c h a r a c t e r i s t i c s  w h i c h  w i l l  e n a b l e  t h e m  t o  s u r v i v e
1
a d v e r s e  e n v i r o n m e n t a l  c o n d i t i o n s .  T h e s e  m o r e  r o b u s t  c e l l s ,  c a l l e d  
s p o r e s ,  a r e  i n  m a n y  c a s e s  p r o d u c e d  i n  s t r u c t u r e s  d e s i g n e d  t o  a i d  
t h e i r  d i s p e r s a l  t o  s i t e s  w e l l  a w a y  f r o m  t h e  o r i g i n a l  c o l o n y .  T h e  
h i g h e r  f u n g i  h a v e  d e v e l o p e d  c o m p l e x  m e c h a n i s m s  f o r  f o r  w i n d  
d i s p e r s a l  o f  t h e i r  s p o r e s  ( W e b s t e r ,  1 9 7 0 )  w h i l e  a t  t h e  o t h e r  e n d  
o f  t h e  s c a l e  m e m b e r s  o f  t h e  g e n u s  B a c i l l u s  h a v e  a  s i m p l e  t w o  c e l l  
s p o r e  p r o d u c t i o n  s y s t e m .
M o r p h o l o g i c a l  d i f f e r e n t i a t i o n  r e q u i r e s  t h a t  t h e  o r g a n i s m  
c o n c e r n e d  m u s t  c a r r y  g e n e t i c  i n f o r m a t i o n  f o r  p r o c e s s e s  w h i c h  a r e  
n o t  d i r e c t l y  c o n c e r n e d  w i t h  n u t r i e n t  a s s i m i l a t i o n  a n d  t h e  
p r o d u c t i o n  o f  a c t i v e l y  g r o w i n g  c e l l s .  T h e s e  s u p p l e m e n t a r y  
a c t i v i t i e s ,  m u s t  b e  r e g u l a t e d  i n  o r d e r  t o  a v o i d  c o m p r o m i s i n g  t h e  
e f f i c i e n t  e x p l o i t a t i o n  o f  n u t r i e n t  s o u r c e s . S p o r u l a t i o n  i s  
f r e q u e n t l y  f o u n d  t o  b e g i n  a s  n u t r i e n t s  b e c o m e  s c a r c e  a n d  t h u s  m a y  
i n v o l v e ,  b r e a k d o w n  a n d  r e - u s e  o f  e x i s t i n g  b i o m a s s  ( C h a t e r ,  1 9 8 4 ) .  
A  c o n c e n t r a t e d  s u p p l y  o f  c o m p l e x  c o m p o u n d s  c o u l d  r e a d i l y  b e  
e x p l o i t e d  b y  c o m p e t i n g  m i c r o o r g a n i s m s  a n d  i t  a p p e a r s  t h a t  o n e  o f  
t h e  m e c h a n i s m s  e v o l v e d  t o  p r o t e c t  t h e s e  r e s o u r c e s  i n v o l v e s  t h e  
e x c r e t i o n  o f  m e t a b o l i t e s  t o x i c  t o  c o m p e t i t o r s .  A n t i b i o t i c s  m a y  
a l s o  b e  p a r t  o f  t h e  s y s t e m s  r e g u l a t i n g  d i f f e r e n t i a t i o n  s i n c e  m a n y  
e x e r t  t h e i r  t o x i c  e f f e c t s  b y  i n h i b i t i n g  s p e c i f i c  e n z y m e s  a n d  m a y  
s e r v e  i n  t h e  p r o d u c e r  o r g a n i s m s  t o  c u r b  t h e  a c t i v i t y  o f  m e t a b o l i c  
p a t h w a y s  u s i n g  t h e s e  e n z y m e s .
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1 . 1  A c t i n o m y c e t e s : t h e  M o s t  P r o l i f i c  A n t i b i o t i c  P r o d u c e r s
M e m b e r s  o f  t h e  g e n u s  S t re p to m y c e s  a p p e a r  t o  h a v e  e v o l v e d  t o  
e x p l o i t  s o l i d  o r g a n i c  d e b r i s  i n  s o i l  a n d  s i m i l a r  e c o l o g i c a l  
n i c h e s  a s  a  s o u r c e  o f  n u t r i e n t s ,  d e v e l o p i n g  i n  t h e  p r o c e s s  a  
c o n s i d e r a b l e  d i v e r s i t y  i n  m o r p h o l o g y  a n d  m e t a b o l i s m .  T h e s e  
o r g a n i s m s  m a y  r e a d i l y  b e  i s o l a t e d  i n  p u r e  c u l t u r e  a n d  h a v e  p r o v e d  
a  p a r t i c u l a r l y  r i c h  s o u r c e  o f  m e t a b o l i t e s  u s e f u l  t o  m a n .  
S t r e p t o m y c e t e s  a r e  p r o k a r y o t i c  a n a l o g u e s  o f  t h e  f u n g i  ( a l s o  a  
r i c h  s o u r c e  o f  u s e f u l  c o m p o u n d s ) , u s i n g  t h e  m y c e l i a l  g r o w t h  f o r m  
t o  e x p l o i t  s o l i d  s u b s t r a t e s  a n d  a r e  m e m b e r s  o f  t h e  o r d e r  
A c t in o m y c e t a l e s . T h e  m o s t  r e c e n t  e d i t i o n  o f  B e r g e y ' s  M a n u a l  o f  
D e t e r m i n a t i v e  B a c t e r i o l o g y  ( W i l l i a m s ,  S .  T .  e t  a l . ,  1 9 8 9 )
r e c o g n i s e s  4 3  g e n e r a  i n  t h i s  o r d e r  i n c l u d i n g  o r g a n i s m s  f o r m i n g  
h i g h l y  d i f f e r e n t i a t e d  m y c e l i u m  ( S t r e p t o m y c e s ,
S t r e p t o v e r t i c i l l i u m ) , n o n - s p o r i n g  n o n - m y c e l i a l  s p e c i e s  ( e . g .  
M y c o b a c t e r i u m )  a n d  i n t e r m e d i a t e  f o r m s  w i t h  m y c e l i u m  t h a t  
f r a g m e n t s  i n t o  s i n g l e  c e l l s  ( N o c a r d io i d e s )  w h i c h  m a y  a l s o  b e  
m o t i l e  ( O e r s k o v ia ) .  A l t h o u g h  o t h e r  a c t i n o m y c e t e s  p r o v i d e  u s e f u l  
m e t a b o l i t e s ,  t h e  n u m b e r ,  d i v e r s i t y  a n d  i n d u s t r i a l  i m p o r t a n c e  o f  
p r o d u c t s  f r o m  s t r e p t o m y c e t e s  i s  u n r i v a l l e d  b y  a n y  o t h e r  g r o u p  o f  
m i c r o o r g a n i s m s  ( B e r d y ,  1 9 8 5 ) .
T h e  e a s e  w i t h  w h i c h  s t r e p t o m y c e t e s  m a y  b e  i s o l a t e d  c o u l d  i n  
p a r t  a c c o u n t  f o r  t h e i r  p r o m i n e n t  p o s i t i o n  a s  p r o d u c e r s  o f  u s e f u l  
m e t a b o l i t e s .  R e l a t e d  g e n e r a  c o u l d  a l s o  b e  r i c h  s o u r c e s  o f  s u c h  
p r o d u c t s  a n d  i n  r e c e n t  y e a r s  m i c r o b i a l  e c o l o g i s t s  h a v e  b e e n  
s t u d y i n g  a c t i n o m y c e t e s  w h i c h  a r e  m o r e  d i f f i c u l t  t o  i s o l a t e .  
T e c h n i q u e s  u s e d  i n c l u d e  d e l i b e r a t e l y  m a k i n g  c o n d i t i o n s  s u b -
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o p t i m a l  f o r  e u b a c t e r i a  a n d  " o r d i n a r y "  s t r e p t o m y c e t e s  b y  
i n t r o d u c i n g  u n u s u a l  c o m b i n a t i o n s  o f  s u b s t r a t e s  ( H u c k ,  1 9 8 9 ) ,  
a n t i b i o t i c s  ( L a v r o v a  e t  a l . ,  1 9 7 2 ;  P r e o b r a z h e n s k a y a  e t  a l . ,  1 9 7 5 )  
o r  o t h e r  t o x i c  c o m p o u n d s  ( J . C .  V i c k e r s ,  p e r s o n a l  c o m m u n i c a t i o n ) .  
F u r t h e r  d i v e r s i t y  h a s  b e e n  s o u g h t  b y  i s o l a t i n g  o r g a n i s m s  f r o m  
e n v i r o n m e n t s  w h e r e  c o n d i t i o n s  a r e  m o r e  e x t r e m e  t h a n  t h o s e  
n o r m a l l y  f o u n d  i n  s o i l  e g .  h i g h  t e m p e r a t u r e s ,  h i g h  o r  l o w  p H ,  
p o l l u t e d  s o i l s  a n d  h i g h  s a l i n i t y .  D i v e r s i t y  i n  t h e  o r g a n i s m s  
a v a i l a b l e  f o r  s t u d y  i m p l i e s  t h a t  e a c h  h a s  e v o l v e d  s l i g h t l y  
d i f f e r e n t l y  a n d  t h a t  m i c r o b i a l  p h y s i o l o g i s t s  m i g h t  e x p e c t  t o  f i n d  
n o v e l  c h e m i c a l  s t r u c t u r e s  i n  t h e s e  s p e c i e s .
1 . 2  F a c t o r s  C o n t r o l l i n g  A n t i b i o t i c  P r o d u c t i o n
1 . 2 . 1  C a t a b o l i t e  R e p r e s s i o n
R e m o v i n g  o r g a n i s m s  f r o m  t h e i r  n a t u r a l  h a b i t a t  a n d  g r o w i n g  
t h e m  i n  p u r e  c u l t u r e ,  o n  a g a r ,  o r  s u s p e n d e d  i n  l i q u i d  a l m o s t  
c e r t a i n l y  r e s u l t s  i n  a  g r o s s  d i s t o r t i o n  o f  t h e i r  p h y s i o l o g y  b u t  
i t  i s  u n d e r  t h e s e  c o n d i t i o n s  t h a t  t h e y  p r o d u c e  m e t a b o l i t e s  o f  
i n d u s t r i a l  i m p o r t a n c e .  T h e  d e s i r e  t o  i m p r o v e  y i e l d s  i n  a n t i b i o t i c  
m a n u f a c t u r e  p r o m p t e d  r e s e a r c h  i n t o  t h e  f a c t o r s  c o n t r o l l i n g  t h e  
p r o d u c t i o n  o f  t h e s e  m e t a b o l i t e s  a n d  p r o g r e s s  i n  t h e  f i e l d  h a s  
b e e n  r e v i e w e d  f r e q u e n t l y  ( B u ' L o c k ,  1 9 6 1 ;  B u ' L o c k ,  1 9 6 7 ;  O k a n i s h i  
a n d  H o t t a ,  1 9 7 9 ;  M a r t i n  a n d  D e m a i n ,  1 9 8 0 ;  C h a t e r  1 9 8 4 ) .  T h e  
b a l a n c e  o f  n u t r i e n t s  i n  t h e  c u l t u r e  m e d i u m  w a s  i m m e d i a t e l y  
r e c o g n i s e d  a s  h a v i n g  a  p r o f o u n d  i n f l u e n c e  u p o n  y i e l d .  A n t i b i o t i c  
s y n t h e s i s  w a s  f o u n d  t o  b e  r e p r e s s e d  b y  r e a d i l y  u t i l i s e d  s o u r c e s  
o f  c a r b o n  s u c h  a s  g l u c o s e  ( A h a r o n o w i t z  a n d  D e m a i n ,  1 9 7 8 ;  H u  a n d
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D e m a i n ,  1 9 7 9 ;  D e m a i n  e t  a l . ,  1 9 7 9 ;  H o s t a l e k ,  1 9 8 0 ) ,  s o m e  n i t r o g e n  
s o u r c e s ,  p a r t i c u l a r l y  a m m o n i a  ( A h a r o n o w i t z  a n d  D e m a i n ,  1 9 7 9 ;  
A h a r o n o w i t z ,  1 9 8 0 ;  S h a p i r o  a n d  V i n i n g  1 9 8 3 ;  B r a n a  e t  a l . ,  1 9 8 5 )  
a n d  b y  i n o r g a n i c  p h o s p h a t e  ( M e r t z  a n d  D o o l i n ,  1 9 7 3 ;  M a r t i n ,  1 9 7 7 ;  
L e b r i h i  e t  a l . , 1 9 8 7 ) .  T h e  c o m p o u n d s  e x e r t i n g  r e p r e s s i o n  a r e
r e a d i l y  i n c o r p o r a t e d  i n t o  b i o m a s s  a n d  i t  a p p e a r s  t h a t  w h i l e  t h e y  
a r e  f r e e l y  a v a i l a b l e  t h e  r e s p o n s e s  t o  a d v e r s e  c o n d i t i o n s  i . e .  
d i f f e r e n t i a t i o n ,  a n d  a t t e n d a n t  a n t i b i o t i c  p r o d u c t i o n ,  a r e  h e l d  i n  
c h e c k .
L a b o r a t o r y  c u l t u r e s  f r e q u e n t l y  c o m m e n c e  p r o d u c t i o n  o f  
a n t i b i o t i c s  t o w a r d s  t h e  e n d  o f  a  p e r i o d  o f  r a p i d  g r o w t h  a s  
n u t r i e n t s  b e g i n  t o  b e c o m e  d e p l e t e d .  A  w i d e  v a r i e t y  o f  c o m p o u n d s  
h a v i n g  n o  k n o w n  f u n c t i o n  i n  t h e  p r i m a r y  m e t a b o l i s m  a c c o m p a n y i n g  
g r o w t h  a r e  p r o d u c e d  a t  t h i s  t i m e  a n d  i t  s e e m s  l i k e l y  t h a t  
a l t h o u g h  d i f f e r e n t i a t i o n  c a n n o t  p r o c e e d  c o r r e c t l y  i n  l i q u i d  
c u l t u r e  s o m e  a d d i t i o n a l  m e t a b o l i c  p a t h w a y s  a r e  a c t i v a t e d .  B u ' L o c k  
( 1 9 6 7 )  d e v i s e d  t h e  t e r m  ' t r o p h o p h a s e ' f o r  t h e  a c t i v e  g r o w t h  s t a g e  
a n d  ' i d i o p h a s e '  f o r  t h e  s u b s e q u e n t  d i v e r s e  a c t i v i t i e s ,  i n c l u d i n g  
t h i s  ' s e c o n d a r y '  m e t a b o l i s m .  T h e s e  t e r m s  r e m a i n  a  u s e f u l  
d e s c r i p t i o n  o f  p h e n o m e n a  f r e q u e n t l y  s e e n  i n  l a b o r a t o r y  c u l t u r e s  
a l t h o u g h  i t  i s  n o w  c l e a r  t h a t  t h e s e  m e t a b o l i t e s  m a y  b e  p r o d u c e d  
a t  a n y  s t a g e  o f  t h e  g r o w t h  c y c l e  a n d  t h a t  p a t t e r n s  o f  p r o d u c t i o n  
v a r y  e v e n  f o r  t h e  s a m e  s t r a i n .
1 . 2 . 2  M i c r o b i a l  H o r m o n e s
H o r m o n e - l i k e  s u b s t a n c e s  r e g u l a t i n g  m i c r o b i a l  m e t a b o l i s m  h a v e  
b e e n  i d e n t i f i e d  ( K h o k h l o v ,  1 9 8 2 ) ,  t h e  b e s t  s t u d i e d  b e i n g  t h e  A -  
f a c t o r  o f  S t re p to m y c e s  g r i s e u s  w h i c h  c o n t r o l s  b o t h  s t r e p t o m y c i n
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p r o d u c t i o n  a n d  s p o r u l a t i o n  ( K h o k h l o v  e t  a l . , 1 9 7 3 ) .  T h e  a f s B g e n e  
r e q u i r e d  f o r  A - f a c t o r  s y n t h e s i s  i n  S.  c o e l i c o l o r  a l s o  a p p e a r s  t o  
a l l o w  p i g m e n t  p r o d u c t i o n  i n  b o t h  S. c o e l i c o l o r  a n d  S. l i v i d a n s  
( C h a t e r ,  1 9 8 4 ) .  P i g m e n t s  p r o d u c e d  b y  s t r e p t o m y c e t e s  a r e  
f r e q u e n t l y  u s e d  a s  m a r k e r s  i n  s t u d i e s  o f  t h i s  t y p e  b e c a u s e  t h e y  
a p p e a r  t o  b e  p a r t  o f ,  a n d  c o - r e g u l a t e d  w i t h ,  d i f f e r e n t i a t i o n .  
B u t a n o l i d e  c o m p o u n d s  r e l a t e d  t o  A - f a c t o r  h a v e  b e e n  f o u n d  i n  o t h e r  
o r g a n i s m s  ( Y a m a d a  e t  a l . ,  1 9 8 7 )  a n d  a n  u n i d e n t i f i e d  i n d u c e r  o f  
b l u e  p i g m e n t  f o r m a t i o n  w a s  d i s c o v e r e d  a s  a  r e s u l t  o f  a t t e m p t s  t o  
m i m i c  b u t a n o l i d e  e f f e c t s  w i t h  g a m m a - n o n o l a c t o n e  ( Y a n a g i m o t o  e t  
a l . ,  1 9 8 8 ) .  T h e  k n o w n  m i c r o b i a l  h o r m o n e s  a r e  n o t  a l l  b u t a n o l i d e s ;  
a  p r o t e i n  c a l l e d  F a c t o r - C  i s  r e q u i r e d  f o r  s p o r u l a t i o n  i n  S. 
g r i s e u s  ( V i t a l i s  a n d  S z a b o ,  1 9 6 9 ) .  T h i s  h o r m o n e  a p p e a r s  t o  a f f e c t  
m e m b r a n e  c o m p o s i t i o n ,  h a s  p o s i t i v e  f e e d b a c k  e f f e c t s  u p o n  i t s  o w n  
p r o d u c t i o n  a n d  a n t a g o n i s e s  t h e  a c t i o n  o f  A - f a c t o r  ( S z a b o  e t  a l . , 
1 9 8 8 ) .
A s  o u r  u n d e r s t a n d i n g  o f  t h e s e  r e g u l a t o r y  m e c h a n i s m s  i n c r e a s e s  
i t  m a y  b e c o m e  p o s s i b l e  t o  i n d u c e  p r o d u c t i o n  o f  b i o a c t i v e  
m i c r o b i a l  m e t a b o l i t e s  b y  s u i t a b l e  a d d i t i o n s  o f  h o r m o n e s .  T h i s  
a p p r o a c h  c o u l d  b e  u s e f u l  i n  t h e  s e a r c h  f o r  n o v e l  m e t a b o l i t e s ,  a s  
i n d i c a t e d  b y  t h e  w o r k  o f  Y a n a g i m o t o  e t  a l .  ( v . s . ) ,  o r  p o s s i b l y  i n  
i n c r e a s i n g  t h e  p r o d u c t i v i t y  o f  e s t a b l i s h e d  i n d u s t r i a l  p r o c e s s e s .
1 . 2 . 3  I n t r a c e l l u l a r  N u c l e o t i d e s  a n d  t h e i r  P h o s p h a t e s
P o s t  t r a n s l a t i o n a l  m o d i f i c a t i o n  o f  p r o t e i n s  b y  a d d i t i o n  o f  
A D P - r i b o s e  r e l e a s e d  f r o m  N A D  b y  N A D - g l y c o h y d r o l a s e  m a y  a l s o  p l a y  
a  p a r t  i n  r e g u l a t i o n  s i n c e  b l o c k i n g  A D P - r i b o s y l a t i o n  p r e v e n t s  
a n t i b i o t i c  p r o d u c t i o n  a n d  s p o r u l a t i o n  i n  S tr e p to m y c e s  g r i s e u s
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( E n s i g n ,  1 9 8 8 ;  B a r a b a s  e t  a l . ,  1 9 8 8 ) .  F u r t h e r  p i e c e s  o f  t h e  
j i g s a w ( s )  w e r e  p r o v i d e d  b y  O c h i  ( 1 9 8 6 a )  i n  h i s  i n v e s t i g a t i o n s  o f  
p h o s p h o r y l a t e d  n u c l e o t i d e s  w h e r e  h e  c o n c l u d e d  t h a t  a  d e c r e a s e  i n  
t h e  i n t r a c e l l u l a r  p o o l  o f  G T P  m i g h t  b e  s u f f i c i e n t  s i g n a l  t o  
i n i t i a t e  t h e  f o r m a t i o n  o f  a e r i a l  m y c e l i u m  i n  s t r e p t o m y c e t e s . 
I n i t i a t i o n  o f  s u b m e r g e d  s p o r e  f o r m a t i o n  i n  S. g r i s e u s  i n  r e s p o n s e  
t o  a m i n o  a c i d  s t a r v a t i o n  a l s o  c o r r e l a t e d  w i t h  d e c r e a s e s  i n  t h e  
G T P  p o o l  ( O c h i ,  1 9 8 7 ) .  A n  i n c r e a s e  i n  p p G p p  w a s  f o u n d  t o  b e  
l i n k e d  w i t h  t h e  i n i t i a t i o n  o f  f o r m y c i n  p r o d u c t i o n  ( O c h i  1 9 8 6 b )  
a n d  a l t h o u g h  t h e s e  c o m p o u n d s  c o n t r o l l e d  s e p a r a t e  a s p e c t s  o f  
m e t a b o l i s m  t h e  i n t e r d e p e n d e n c e  o f  G T P  a n d  p p G p p  l e v e l s  p r o v i d e d  a  
p o t e n t i a l  r e g u l a t o r y  l i n k .
1 . 2 . 4  P r e c u r s o r  F e e d i n g
D e s p i t e  t h e  l a c k  o f  a  c o m p r e h e n s i v e  u n d e r s t a n d i n g  o f  t h e
n e t w o r k  o f  c o n t r o l  m e c h a n i s m s ,  t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d  f o r  
m o d i f y i n g  m i c r o b i a l  m e t a b o l i s m .  O n e  t e c h n i q u e ,  f r e q u e n t l y
e x p l o i t e d ,  i s  t h e  f e e d i n g  o f  p r e c u r s o r s  w h i c h  a r e  i n c o r p o r a t e d  
w i t h  l i t t l e  a l t e r a t i o n  i n t o  a n t i b i o t i c s  e . g .  p h e n y l a c e t i c  a c i d  i s  
a d d e d  t o  p e n i c i l l i n  G f e r m e n t a t i o n s  ( H e r s b a c h  e t  a l . ,  1 9 8 4 ) ,  t h e  
i n c l u s i o n  o f  t y r o s i n e  i m p r o v e s  n o c a r d i c i n  A  p r o d u c t i o n  ( H o s o d a  e t  
a l . , 1 9 7 7 ) ,  a n d  l o w e r  f a t t y  a c i d s  a r e  r a p i d l y  i n c o r p o r a t e d  i n t o
c a n d i c i d i n  ( M a r t i n  &  L i r a s  1 9 7 6 )  a n d  t y l o s i n  ( O m u r a  e t  a l . ,
1 9 8 4 ) .  C o m p o u n d s  w h i c h  a r e  r e a d i l y  m e t a b o l i s e d  t o  p r e c u r s o r s  c a n  
a l s o  i m p r o v e  a n t i b i o t i c  p r o d u c t i o n .  V a l i n e  a n d  i s o l e u c i n e  
c a t a b o l i t e s  s u c h  a s  p r o p i o n y l - C o A ,  a c e t y l - C o A  ( F i g u r e  1 - 1 ) ,  n -  
b u t y r a t e  ( F i g u r e  1 - 2 )  h a v e  b e e n  f o u n d  t o  h a v e  s i m i l a r  e f f e c t s  t o  
f a t t y  a c i d  a d d i t i o n s .
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( M a s s e y  e t  a l . ,  1 9 7 6 )
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F i g u r e  1 - 2 .  G e n e r a t i o n  o f  n - b u t y r a t e  f r o m  v a l i n e .  
( O m u r a  e t  a l . ,  1 9 8 3 a )
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T h e  t y p e s  a s  w e l l  a s  t h e  a m o u n t s  o f  a n t i b i o t i c s  p r o d u c e d  c a n  
b e  c h a n g e d  b y  p r e c u r s o r s  i n c l u d e d  i n  t h e  m e d i u m .  F e e d i n g  v a l i n e  
o r  i t s  m e t a b o l i t e s ,  f o r  e x a m p l e ,  a l t e r s  t h e  r a t i o  o f  t h e  
c o m p o n e n t s  i n  t h e  m o n e n s i n  ( P o s p i s i l  e t  a l . , 1 9 8 3 )  a n d  p a u l o m y c i n  
( M a r s h a l l  e t  a l . ,  1 9 8 4 )  c o m p l e x e s .  G o u r e v i t c h  e t  a l .  ( 1 9 5 5 )  
r e p o r t e d  t h a t  t e t r a c y c l i n e  a n d  b r o m o t e t r a c y c l i n e  m a y  b e  p r o d u c e d  
i n s t e a d  o f  c h l o r t e t r a c y c l i n e  i f  b r o m i d e  i s  a d d e d  t o  t h e  m e d i u m .  
I s o t o p i c a l l y  l a b e l l e d  p r e c u r s o r s  h a v e  p r o v e d  p a r t i c u l a r l y  
v a l u a b l e  i n  e l u c i d a t i n g  t h e  s t r u c t u r e  o f  a n t i b i o t i c s  ( B i r c h  e t  
a l . ,  1 9 6 4 )  a n d  i n  i d e n t i f y i n g  t h e  b i o c h e m i c a l  p a t h w a y s  i n v o l v e d  
i n  t h e i r  p r o d u c t i o n  ( S o o d  e t  a l . ,  1 9 8 8 ) .
P r e c u r s o r  f e e d i n g  n o t  o n l y  m o d i f i e s  a n t i b i o t i c  p r o d u c t i o n  i t  
m a y  a l s o  c a u s e  c h a n g e s  i n  t h e  s t r u c t u r e  a n d  f u n c t i o n  o f  t h e  
c e l l s .  T h u s  v a l i n e  a n d  i s o - l e u c i n e  d i r e c t  n o t  o n l y  t h e  s y n t h e s i s  
o f  f a t t y  a c i d s  a t t a c h e d  t o  t h e  l i p o p e p t i d e  a n t i b i o t i c  A 2 1 9 7 8  C 
( Z m i j e w s k i  e t  a l . , 1 9 8 6 )  b u t  a l s o  t h o s e  i n c o r p o r a t e d  i n t o
c o m p o n e n t s  o f  t h e  c e l l  s u c h  a s  t h e  m e m b r a n e  ( G r a f e  e t  a l . ,  1 9 8 2 ) .  
C h a n g e s  i n  t h e  f a t t y  a c i d  s p e c t r u m  o f  m e m b r a n e  l i p i d s  c a n  e x e r t  
a n  i n f l u e n c e  u p o n  o t h e r  c e l l u l a r  f u n c t i o n s  p a r t i c u l a r l y  t r a n s p o r t  
s y s t e m s .  U p t a k e  a n d  r e t e n t i o n  o f  g l u t a m a t e  b y  a  m u t a n t  s t r a i n  o f  
S t re p to m y c e s  f r a d i a e  i m p r o v e d  w h e n  s u p p l e m e n t s  ( o l e i c  o r  p a l m i t i c  
a c i d )  w e r e  u s e d  t o  c h a n g e  i t s  f a t t y  a c i d  s p e c t r u m ,  a n d  i t  
a p p e a r e d  t h a t  t h e  r e s u l t i n g  l a r g e  i n t r a c e l l u l a r  g l u t a m a t e  p o o l  
w a s  e s s e n t i a l  f o r  s y n t h e s i s  o f  t h e  a n t i b i o t i c  n e o m y c i n  ( A r i m a  e t  
a l . ,  1 9 7 3 ;  O k a z a k i ,  e t  a l . ,  1 9 7 4 ) .  M e m b r a n e  p e r m e a b i l i t y  a l s o  
a p p e a r s  t o  m o d i f y  t h e  s p e c t r u m  o f  t y l o s i n - l i l c e  c o m p o u n d s  p r o d u c e d  
b y  S t re p to m y c e s  f r a d i a e  ( V a n c u r a  e t  a l . ,  1 9 8 7 ) .  T h e  p r o c e s s  o f  
a n t i b i o t i c  p r o d u c t i o n  t h u s  a p p e a r s  t o  b e  l i n k e d ,  a t  a  n u m b e r  o f  
l e v e l s ,  t o  t h e  t y p e  o f  n u t r i e n t s  a v a i l a b l e .
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1 .3  The Role o f A n tib io tics  in M icrobial Physiology
F e w  b i o a c t i v e  m i c r o b i a l  m e t a b o l i t e s  h a v e  b e e n  a s c r i b e d  
c l e a r l y  d e f i n e d  r o l e s  i n  t h e  p h y s i o l o g y  o f  t h e  p r o d u c i n g  o r g a n i s m  
a l t h o u g h  C a m p b e l l  ( 1 9 8 4 )  g a v e  i n s t a n c e s  w h e r e  a  f u n c t i o n  w a s  
k n o w n  o r  p r o p o s e d  f o r  s o m e  a n t i b i o t i c s . I t  i s  t e m p t i n g  t o  s u g g e s t  
t h a t  b e c a u s e  w e  h a v e  f o u n d  s o m e  m e t a b o l i t e s  u s e f u l  a s  
a n t i m i c r o b i a l  a g e n t s  t h a t  t h i s  i s  t h e i r  n a t u r a l  r o l e .  T h e  
d e c e p t i v e  s i m p l i c i t y  o f  t h i s  a r g u m e n t  b e c o m e s  m o r e  a p p a r e n t  w h e n  
o n e  a t t e m p t s  t o  e x p l a i n  t h e  f u n c t i o n  o f  a n t i - c a n c e r  a g e n t s ,  
i m m u n o m o d u l a t o r s , c h o l e s t e r o l - l o w e r i n g  a g e n t s ,  h e r b i c i d e s  a n d  
v a s o d i l a t o r s .  T h a t  t h e s e  c o m p o u n d s  h a v e  e f f e c t s  i n  n o n - m i c r o b i a l  
s p e c i e s  p r o b a b l y  i n d i c a t e s  t h a t  c h e m i c a l  s i g n a l s  p r e s e n t  i n  a  
c o m m o n  a n c e s t o r  h a v e  e v o l v e d  t o  h a v e  d i f f e r e n t  m e a n i n g s  i n  
s p e c i e s  n o w  e x t a n t  ( N i s b e t  a n d  P o r t e r ,  1 9 8 9 ) .
T h e  u n i q u e  m e t a b o l i c  p a t h w a y s  f o u n d  i n  m i c r o o r g a n i s m s  a r e  e n d  
p r o d u c t s  o f  a n  e v o l u t i o n a r y  p r o c e s s  w h i c h  h a s  e q u i p p e d  t h e  
o r g a n i s m s  w i t h  t h e s e  m e c h a n i s m s  f o r  a  v a r i e t y  o f  r e a s o n s . T h e  
s h e e r  c o m p l e x i t y  o f  t h e  e x t r a  m e t a b o l i c  m a c h i n e r y  r e q u i r e d  t o  
s y n t h e s i s e  t h e s e  m e t a b o l i t e s  i n d i c a t e s  t h a t  t h e r e  a r e  s t r o n g  
s e l e c t i v e  p r e s s u r e s  f o r c i n g  t h e i r  p r o d u c e r s  t o  r e t a i n  t h e s e  
c a p a b i l i t i e s .  W h a t e v e r  t h e  r o l e  o f  t h e s e  c o m p o u n d s  t h e  p r o d u c t i o n  
o f  l a r g e  m o l e c u l e s  h a v i n g  p r e c i s e  s t r u c t u r e s  s u g g e s t s  a  v e r y  
s p e c i f i c  p u r p o s e  ( W i l l i a m s ,  D .  H .  e t  a l . ,  1 9 8 9 )  a n d  s i n c e  e a c h  
s p e c i e s  p r o d u c e s  i t s  o w n  " c o c k t a i l "  o f  m e t a b o l i t e s  i t  a p p e a r s  
t h a t  r e q u i r e m e n t s  v a r y  a c c o r d i n g  t o  h a b i t a t .
D e s p i t e  t h e  e n o r m o u s  d i v e r s i t y  o f  m i c r o b i a l  m e t a b o l i t e s ,  t h e  
c h e m i c a l  s t r u c t u r e s  a r i s i n g ,  s y n t h e t i c  p a t h w a y s  a n d  c o n t r o l
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m e c h a n i s m s  m a y  b e  c l a s s i f i e d  i n t o  g r o u p s  h a v i n g  c o m m o n  f e a t u r e s .  
T h u s  i t  s e e m s  l i k e l y  t h a t  t h e  p h y s i o l o g i c a l  r o l e s  o f  s e c o n d a r y  
m e t a b o l i t e s  m a y  a l s o  f a l l  i n t o  a  n u m b e r  o f  c l a s s e s .  
A n t i b i o t i c s ,  f o r  e x a m p l e ,  m a y  h a v e  e v o l v e d  a s  c h e m i c a l  w e a p o n s  
f o r  u s e  u p o n  c o m p e t i n g  m i c r o o r g a n i s m s .  D e s p i t e  f i n d i n g s  t h a t  t h e y  
a r e  v i r t u a l l y  a b s e n t  f r o m  s o i l ,  s o m e  w o r k e r s  s t i l l  b e l i e v e  t h a t  
a n t i b i o t i c s  p r o t e c t  t h e i r  o r i g i n a t o r s .  I t  h a s  b e e n  e s t i m a t e d  t h a t  
a n  o r g a n i s m  c o u l d  p r o t e c t  i t s  o w n  m i c r o e n v i r o n m e n t  w i t h  
r e l a t i v e l y  s m a l l  a m o u n t s  o f  a n t i b i o t i c  ( R a s o o l  a n d  
W i m p e n n y ,  1 9 8 2 ) .  A  s i m i l a r  a r g u m e n t  c o u l d  a p p l y  t o  c o m p o u n d s  w i t h  
i n s e c t i c i d a l  a c t i v i t y  w h i c h  c o u l d  h a v e  e v o l v e d  t o  p r o t e c t  
m i c r o b e s  f r o m  g r a z i n g  b y  i n s e c t s .
S o m e  a n t i b i o t i c s  m a y  t h e m s e l v e s  p l a y  a  p a r t  i n  t h e  
r e g u l a t i o n  o f  d i f f e r e n t i a t i o n  b y  i n h i b i t i n g  c e l l u l a r  f u n c t i o n s .  
S a r k u r  &  P a u l u s  ( 1 9 7 2 )  f o u n d  t h a t  t h e  t y r o t h r i c i n  p r o d u c e d  b y  
B a c i l l u s  b r e v i s  i n h i b i t e d  i t s  o w n  R N A  p o l y m e r a s e ,  a n d  s u g g e s t e d  
t h a t  i t s  r o l e  w a s  t e r m i n a t i o n  o f  t h e  e x p r e s s i o n  o f  g e n e s  r e q u i r e d  
o n l y  f o r  v e g e t a t i v e  g r o w t h .  A c t i n o m y c i n  a l s o  b l o c k s  t r a n s c r i p t i o n  
o f  g e n e s  e s s e n t i a l  t o  v e g e t a t i v e  g r o w t h  t h e r e b y  i n d u c i n g  
s p o r u l a t i o n  ( Y o s h i d a  e t  a l . ,  1 9 6 6 )  a n d  i t  h a s  b e e n  p r o p o s e d  t h a t  
s p o r e  a s s o c i a t e d  a n t i b i o t i c s  c o u l d  p r e v e n t  e a r l y  g e r m i n a t i o n  o f  
t h e  n e w l y  f o r m e d  s p o r e s  ( E n s i g n ,  1 9 7 8 ;  P i r e t  a n d  D e m a i n ,  1 9 8 1 ) .
M a n y  a n t i b i o t i c s  a c t  a s  m e t a l  c h e l a t o r s  a n d  i t  l i k e l y  t h a t  
s o m e  h a v e  h a v e  a  r o l e  i n  a s s i m i l a t i o n  o f  m e t a l s .  T h e r e  i s  s t r o n g  
e v i d e n c e  t o  s u g g e s t  t h a t  s o m e  m i c r o o r g a n i s m s  p o s s e s s  i n t e g r a t e d  
s y s t e m s  f o r  s c a v e n g i n g  i r o n  f r o m  t h e  e n v i r o n m e n t  ( N e i l a n d s ,  1 9 8 2 ;  
N e i l a n d s ,  1 9 8 5 , ;  V a n d e n b e r g h  e t  a l . ,  1 9 8 3 ) .  T h e  e x t e r n a l
e f f e c t o r s  w h i c h  i n t e r a c t  w i t h  i r o n  m a y  d e p r i v e  o t h e r  s p e c i e s  o f
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t h i s  v i t a l  m e t a l  a n d  s o  m a n i f e s t  a n t i b i o t i c  p r o p e r t i e s .  T h e  
i o n o p h o r e  a n t i b i o t i c s  s u c h  a s  m o n a m y c i n  ( H a l l ,  1 9 7 0 )  a n d  m o n e n s i n  
( W e s t l e y ,  1 9 7 7 )  w h i c h  c h e l a t e  a l k a l i  m e t a l s  c o u l d ,  b y  a n a l o g y ,  b e  
e l e m e n t s  o f  m e t a l  u p t a k e  s y s t e m s .  I t  i s  n o t  u n u s u a l ,  h o w e v e r ,  f o r  
o r g a n i c  c o m p o u n d s  ( e g .  c i t r a t e )  t o  h a v e  s u c h  p r o p e r t i e s  a n d  o n e  
s h o u l d  b e  c a u t i o u s  w h e n  a s s i g n i n g  t h i s  p u r p o s e  t o  a n t i b i o t i c s .
C o m p o u n d s  w h i c h  w e  p e r c e i v e  a s  a n t i b i o t i c s  m a y  t h u s  b e  p o t e n t  
b i o c h e m i c a l  e f f e c t o r s  w h i c h  c a n  a c c u m u l a t e  t o  h i g h  l e v e l s  i n  t h e  
a r t i f i c i a l  c o n d i t i o n s  p r o v i d e d  b y  m a n .  S u b j e c t i n g  o t h e r  o r g a n i s m s  
t o  o v e r d o s e s  o f  s u c h  p o t e n t  c o m p o u n d s  c o u l d ,  n o t  u n r e a s o n a b l y ,  
l e a d  t o  t h e i r  d e m i s e .
1 . 4  N u t r i e n t s  a n d  P r e c u r s o r s  u s e d  f o r  A n t i b i o t i c  B i o s y n t h e s i s
T h e  p r e c u r s o r s  o f  s e c o n d a r y  m e t a b o l i t e s  a r e  n o r m a l l y  d r a w n  
f r o m  t h e  r a w  m a t e r i a l s  g e n e r a t e d  b y  t h e  p r i m a r y  m e t a b o l i s m  o f  t h e  
c e l l .  E x t e r n a l  s o u r c e s  c a n  b o o s t  t h e  a m o u n t s  a v a i l a b l e ,  a s  i n  
p r e c u r s o r  f e e d i n g  e x p e r i m e n t s ,  a  n a t u r a l  e x a m p l e  b e i n g  t h e  
c o n v e r s i o n  o f  l i g n i n  t o  h i s p i d i n  b y  P o ly p o ru s  h i s p i d u s  a n d  i t s  
s u b s e q u e n t  c o n v e r s i o n  t o  a n  a n a l o g u e  o f  l i g n i n  ( B u ' L o c k ,  1 9 6 7 ) .  
A l t h o u g h  t h e y  m a y  b e  c a p a b l e  o f  u s i n g  p r e - f o r m e d  c o m p o u n d s ,  f r e e -  
l i v i n g  m i c r o o r g a n i s m s  n o r m a l l y  r e t a i n  m e t a b o l i c  p a t h w a y s  f o r  t h e  
s y n t h e s i s  o f  a m i n o  a c i d s ,  v i t a m i n s  a n d  o t h e r  v i t a l  c o m p o n e n t s  o f  
m e t a b o l i s m ,  p r e s u m a b l y  t o  a l l o w  t h e m  t o  c o l o n i s e  a  w i d e  r a n g e  o f  
s u b s t r a t e s . S y n t h e t i c  p a t h w a y s  g e n e r a t i n g  t h e  r a w  m a t e r i a l s  
r e a d i l y  a v a i l a b l e  w i t h i n  t h e  c e l l  m a y  b e  d i v i d e d  i n t o  f o u r  m a j o r  
c l a s s e s  ( C a m p b e l l ,  1 9 8 4 ) ,  n a m e l y  s u g a r / t r i c a r b o x y l i c  a c i d  c y c l e ,  
a m i n o  a c i d ,  l i p i d  a n d  n u c l e i c  a c i d  m e t a b o l i s m .  A c e t a t e  a n d
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g l y c e r a l d e h y d e  a r e  p a r t i c u l a r l y  i m p o r t a n t  c h e m i c a l  f e e d s t o c k s  
w h i c h  a r e  a t  t h e  f o c u s  o f  l i p i d  a n d  s u g a r  m e t a b o l i s m
r e s p e c t i v e l y .  T h e  c e n t r a l  r o l e  o f  a c e t a t e ,  i n  p a r t i c u l a r ,  a p p e a r s  
t o  e x t e n d  a l s o  i n t o  t h e  r e a l m  o f  s e c o n d a r y  m e t a b o l i s m  w h e r e  
a c e t a t e  d e r i v e d  c o m p o u n d s  a r e  s t r o n g l y  r e p r e s e n t e d  b y  m a c r o l i d e s  
a n d  q u i n o n e s  w h i c h  a r e  t w o  o f  t h e  n i n e  m a j o r  g r o u p s  o f
a n t i b i o t i c s  d e f i n e d  b y  B e r d y  ( 1 9 8 0 ) .  A c e t y l - C o A  i s  a l s o  r e a d i l y  
c o n v e r t e d  t o  3 - h y d r o x y - 3 - m e t h y l - g l u t a r y l - C o A ,  a  p r e c u r s o r  u s e d  i n  
t h e  s y n t h e s i s  o f  i s o p r e n e  d e r i v e d  c o m p o u n d s  s u c h  a s  g i b b e r e l l i c  
a c i d  a n d  t r i s p o r i c  a c i d s .
1 . 5 . 1  A n t i b i o t i c s  f r o m  A c e t a t e :
P a r a l l e l s  w i t h  F a t t y  A c i d  B i o s y n t h e s i s
T h e  f a t t y  a c i d s ,  e s s e n t i a l  c o m p o n e n t s  o f  t h e  c e l l  m e m b r a n e ,  
a r e  c o n s t r u c t e d  a l m o s t  e x c l u s i v e l y  f r o m  a c e t a t e  b y  r e p e a t e d  
a d d i t i o n  o f  t w o - c a r b o n  u n i t s .  T h e  a c e t a t e ,  a s  a c e t y l - C o A  i s  
c a r b o x y l a t e d  t o  g i v e  m a l o n y l - C o A ,  w h i c h  t h e n  i n t e r a c t s  w i t h  t h e
m e t h y l  e n d  o f  a  g r o w i n g  p o l y m e r  a l s o  i n  t h e  f o r m  o f  a n  a c y l - C o A .
T h e  t w o  c a r b o n s  d e r i v e d  f r o m  t h e  a c e t a t e  a r e  a t t a c h e d  t o  t h e  
c h a i n  a s  a  k e t o n e ,  r e l e a s i n g  i n  t h e  p r o c e s s  c a r b o n  d i o x i d e  a n d  
c o e n z y m e  A .  A f t e r  e a c h  c h a i n  e x t e n s i o n  s t e p  t h e  k e t o n e  m o i e t y  i s  
r e d u c e d  t o  a  h y d r o x y l .  R e m o v a l  o f  t h e  h y d r o x y l ,  b y  d e h y d r a t i o n ,  
i n t r o d u c e s  a  d o u b l e  b o n d  i n t o  t h e  c h a i n  w h i c h  i s  t h e n  s a t u r a t e d  
b y  a  f u r t h e r  r e d u c t i o n  r e a c t i o n  ( B i r c h  a n d  D o n o v a n ,  1 9 5 3 ;  L y n e n  
e t  a l . , 1 9 7 8 ) .
T h e  c a r b o n  s k e l e t o n s  o f  a n t i b i o t i c s  d e r i v e d  d i r e c t l y  f r o m  
a c e t a t e  a r e  a s s e m b l e d ,  i n  a  s i m i l a r  f a s h i o n  t o  f a t t y  a c i d s ,  b y
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a d d i n g  t w o - c a r b o n  u n i t s  t o  a  g r o w i n g  p o l y m e r  a s  k e t o  a c i d s  
( R a w l i n g s  e t  a l . ,  1 9 8 9 ) .  T h e  r e d u c t i o n ,  d e h y d r a t i o n ,  r e d u c t i o n  
s t e p s  a r e  n o t  a l w a y s  c o m p l e t e d  a f t e r  e a c h  c o n d e n s a t i o n  r e s u l t i n g  
u l t i m a t e l y  i n  t h e  f o r m a t i o n  o f  c o m p o u n d s  m o r e  o x i d i s e d  t h a n  f a t t y  
a c i d s .  T h e  f i n i s h e d  p r o d u c t s  m a y  r e t a i n  s o m e  k e t o n e  m o i e t i e s  t o  
i n d i c a t e  t h e i r  o r i g i n .  C o m p o u n d s  p r o d u c e d  u s i n g  t h i s  p a t h w a y  a r e  
f r e q u e n t l y  r e f e r r e d  t o  a s  p o l y k e t i d e  o r  o l i g o k e t i d e  d e r i v e d ,  
t e r m s  n o t  n o r m a l l y  a p p l i e d  t o  f a t t y  a c i d s .
T h e  t y p e s  o f  f a t t y  a c i d s  i n c o r p o r a t e d  i n t o  t h e  c e l l  m e m b r a n e  
i n f l u e n c e  i t s  v i t a l  s t r u c t u r a l  a n d  f u n c t i o n a l  r o l e s  a n d  t h u s  t h e  
s y n t h e s i s  o f  f a t t y  a c i d s  m u s t  b e  c l o s e l y  c o n t r o l l e d .  T h e  f a t t y  
a c i d  s y n t h a s e s  n o r m a l l y  a c c e p t  o n l y  a c e t y l - C o A  a s  a  s t a r t e r  a n d  
m a l o n y l - C o A  a s  a n  e x t e n d e r  u n i t .  I n  c o n t r a s t ,  t h e  p o l y k e t i d e  
s y n t h a s e s  m a y  a c c e p t  a  w i d e r  v a r i e t y  o f  m o n o m e r  u n i t s ,  a d d i n g  t o  
t h e  d i v e r s i t y  o f  t h e  p r o d u c t s  w h i c h  a r i s e  f r o m  t h i s  p a t h w a y .  
P o l y k e t i d e  m e t a b o l i s m  a p p e a r s  t o  h a v e  e v o l v e d  f r o m  f a t t y  a c i d  
b i o s y n t h e s i s  t o  m e e t  s e l e c t i v e  p r e s s u r e s  w i t h  s p e c i f i c  s o l u t i o n s ,  
i n  t h e  p r o c e s s  b e c o m i n g  m o r e  e c l e c t i c  a n d  d i v e r s e .
1 . 5 . 1  R e g u l a t o r y  L i n k s
T h e  s i m i l a r i t i e s  a n d  d i f f e r e n c e s  b e t w e e n  f a t t y  a c i d  a n d  
p o l y k e t i d e  b i o s y n t h e s i s  w e r e  e x p l o r e d  b y  M a r t i n  ( 1 9 7 6 )  w i t h  t h e  
a i d  o f  c e r u l e n i n ,  a  n o n c o m p e t i t i v e  i n h i b i t o r  o f  j 0 - k e t o a c y l  t h i o -  
e s t e r  s y n t h e t a s e  ( B u t t k e  & I n g r a m ,  1 9 7 8 ) .  T h e  I n h i b i t o r  w a s  
e q u a l l y  p o t e n t  i n  b l o c k i n g  f a t t y  a c i d  a n d  p o l y k e t i d e  ( c a n d i c i d i n )  
s y n t h e s i s .  T h e  t w o  e n z y m e s  w e r e  s h o w n  t o  s h a r e  r e g u l a t o r y  l i n k s ,  
s i n c e  f a t t y  a c i d s ,  a s  w e l l  a s  r e g u l a t i n g  t h e i r  o w n  s y n t h e s i s ,  
a l s o  i n h i b i t e d  c a n d i c i d i n  b i o s y n t h e s i s .  T h i s  s h a r i n g  o f  s o m e
15
p r e c u r s o r s ,  m e c h a n i s m s  a n d  r e g u l a t i o n  i m p l i e s  t h a t  p o l y k e t i d e  
p r o d u c t i o n  m a y  p r o v i d e  a n  a l t e r n a t i v e  d e s t i n a t i o n  f o r  p r e c u r s o r s  
w h e n  g r o w t h ,  a n d  i t s  a t t e n d a n t  d e m a n d  f o r  f a t t y  a c i d s ,  i s  
c u r t a i l e d .
1 . 6  R e l a t i o n s h i p s  B e t w e e n  A n t i b i o t i c  S y n t h e s i s  a n d  G r o w t h
T h e  p o s s i b i l i t y  t h a t  p o l y k e t i d e  p r o d u c t i o n  a c t s  a s  a  s i n k  
f o r  e x c e s s  f a t t y  a c i d  p r e c u r s o r s  s u g g e s t s  t h a t  I t  m i g h t  b e  
p o s s i b l e  t o  o b t a i n  h i g h e r  a n t i b i o t i c  t i t r e s  b y  i n c r e a s i n g  t h e  
i n t r a c e l l u l a r  c o n c e n t r a t i o n  o f  s u c h  p r e c u r s o r s .  I n c r e a s i n g  t h e  
a m o u n t s  o f  n u t r i e n t s  w h i c h  a r e  c a t a b o l i s e d  t o  g i v e  t h e s e  
p r e c u r s o r s  a p p e a r s  t o  b e  t h e  m o s t  d i r e c t  a p p r o a c h .  H o w e v e r ,  
a n t i b i o t i c  p r o d u c t i o n  i s  s u b j e c t  t o  c o n t r o l  m e c h a n i s m s  w h i c h  
r e p r e s s  s y n t h e s i s  w h e n  n u t r i e n t s  a r e  p r e s e n t  i n  e x c e s s .  T h e  m e d i a  
w h i c h  h a v e  b e e n  f o u n d  m o s t  s u i t a b l e  f o r  a n t i b i o t i c  p r o d u c t i o n  
u s u a l l y  c o n t a i n  c o m p l e x  n a t u r a l  s u b s t r a t e s  o f t e n  i n  t h e  f o r m  o f  
s o l i d  p a r t i c l e s  e g .  s o y b e a n  m e a l .  S l o w  r e l e a s e  o f  t h e  n u t r i e n t s  
f r o m  t h e s e  p a r t i c l e s  o n c e  p r o d u c t i o n  h a s  c o m m e n c e d  i s  t h o u g h t  t o  
b e  o n e  o f  t h e  r e a s o n s  f o r  t h e  b e n e f i c i a l  e f f e c t s  o f  s u c h  
m a t e r i a l s .  G r o w t h ,  l i m i t e d  b y  n u t r i e n t  a v a i l a b i l i t y ,  p r o c e e d s  a t  
a  m u c h  r e d u c e d  r a t e  a n d  i s  c o n c u r r e n t  w i t h  a n t i b i o t i c  p r o d u c t i o n .
A d d i n g  e x t r a  n u t r i e n t s  t o  c u l t u r e s  p r o d u c i n g  a n t i b i o t i c s  
o f t e n  s t i m u l a t e s  g r o w t h  a n d  r e p r e s s e s  p r o d u c t  f o r m a t i o n  ( L i r a s  e t  
a l . , 1 9 7 7 ) .  C a r e f u l l y  r e g u l a t e d  a d d i t i o n s  o f  r e p r e s s i v e
s u b s t r a t e s ,  p a r t i c u l a r l y  g l u c o s e ,  h a s  h o w e v e r  b e e n  f o u n d  t o  
i m p r o v e  y i e l d s  o f  a n t i b i o t i c s  f r o m  t h e  l a r g e  b a t c h  c u l t u r e s  u s e d  
i n  i n d u s t r y .  C u l t u r e s  f e d  i n  t h i s  w a y  d o  n o t  p r o d u c e  a n t i b i o t i c
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i n d e f i n i t e l y  a n d  t h e r e  i s  s o m e  e v i d e n c e  t h a t  a l l o w i n g  a  s m a l l  
a m o u n t  o f  g r o w t h  k e e p s  t h e  c e l l s  p r o d u c t i v e  f o r  l o n g e r .  R e c e n t  
w o r k  b y  P a y n e  a n d  W a n g  ( 1 9 8 8 )  h a s  s h o w n  t h a t  s m a l l  a d d i t i o n s  o f  
p h o s p h a t e  t o  c y c l o h e x i m i d e  p r o d u c i n g  S t r e p t o m y c e s  g r i s e u s  
c u l t u r e s  c a n  f u r t h e r  e n h a n c e  t h e  e f f e c t  o f  g l u c o s e  f e e d i n g .  G r a y  
a n d  V u - T r o n g  ( 1 9 8 7 )  d e m o n s t r a t e d  t h a t ,  i n  a  c y c l i c  f e d - b a t c h  
t y l o s i n  f e r m e n t a t i o n ,  i n o r g a n i c  e l e m e n t s  c o u l d  b e c o m e  l i m i t i n g  
a n d  t h a t  t h e i r  i n c l u s i o n  i n  t h e  f e e d  e x t e n d e d  t h e  p r o d u c t i v e  
p h a s e  t o  4 8 0  h o u r s ,  a  t w o - f o l d  i n c r e a s e .
1 . 6 . 1  T h e  C h e m o s t a t :  a  M e a n s  o f  C o n t r o l l i n g  G r o w t h
C o n t i n u o u s  c u l t u r e  o f  m i c r o o r g a n i s m s  r e s e m b l e s  i n  s o m e  w a y s  
t h e  f e e d i n g  p r o c e d u r e s  u s e d  i n  a n t i b i o t i c  p r o d u c t i o n  e x c e p t  t h a t  
a l l  o f  t h e  n u t r i e n t s  r e q u i r e d  f o r  g r o w t h  a r e  s u p p l i e d .  T h i s  
t e c h n i q u e  p r o d u c e s  c u l t u r e s  w h i c h  m a y  b e  s u s t a i n e d  i n d e f i n i t e l y  
b u t  w h i c h  a r e  n o t  o p t i m i s e d  f o r  a n t i b i o t i c  s y n t h e s i s .  A l t h o u g h  
r a r e l y  u s e d  f o r  t h e  l a r g e  s c a l e  p r o d u c t i o n  o f  a n t i b i o t i c s ,  
c o n t i n u o u s  c u l t u r e  p r o v i d e s  t h e  r e s e a r c h e r  w i t h  w e l l  c o n t r o l l e d  
c o n d i t i o n s  f o r  s t u d y i n g  t h e  p h y s i o l o g y  o f  m i c r o - o r g a n i s m s .  
C h e m o s t a t  c u l t u r e  s p e c i f i c a l l y  c o n t r o l s  t h e  g r o w t h  r a t e  o f  a n  
o r g a n i s m  b y  r e s t r i c t i n g  t h e  s u p p l y  o f  a  c h o s e n  n u t r i e n t .  T h e  
e x p e r i m e n t e r  c a n  a l s o  c o n t r o l  t h e  a m o u n t s  o f  n o n - l i m i t i n g  
n u t r i e n t s  a n d ,  f o r  e x a m p l e ,  s u p p l y  a  p h o s p h a t e - l i m i t e d  c u l t u r e  
w i t h  e x c e s s  c a r b o n .  T h i s  i s  a  s i t u a t i o n  s i m i l a r  t o  t h a t  
f a v o u r i n g  p r o d u c t i o n  o f  s o m e  a n t i b i o t i c s  d u r i n g  i d i o p h a s e .
A  c o n s i d e r a b l e  b o d y  o f  k n o w l e d g e  h a s  b e e n  b u i l t  u p  r e g a r d i n g  
t h e  e f f e c t s  o f  n u t r i e n t  l i m i t a t i o n s  o n  g r o w t h  a n d  m e t a b o l i s m  o f
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m i c r o o r g a n i s m s  i n  c o n t i n u o u s  c u l t u r e  ( H a r d e r  a n d  D i j k h u i z e n ,  
1 9 8 3 ) .  T h e  m o s t  c o m p l e t e  a n d  d e t a i l e d  s t u d i e s  w e r e  p e r f o r m e d  
u s i n g  b a c t e r i a l  c u l t u r e s  e g .  N e i j s s e l  a n d  T e m p e s t  ( 1 9 7 5 ) ,  E l l w o o d  
a n d  T e m p e s t  ( 1 9 7 2 ) .  A  p a r t i c u l a r l y  i n t e r e s t i n g  o b s e r v a t i o n  w a s  
t h a t  w h e n  K l e b s i e l l a  a e ro g e n e s  c u l t u r e s  w e r e  s u p p l i e d  w i t h  m o r e  
c a r b o n  t h a n  r e q u i r e d  f o r  g r o w t h ,  p o t e n t i a l  a n t i b i o t i c  p r e c u r s o r s  
s u c h  a s  a c e t a t e  ' o v e r f l o w e d '  o u t  o f  t h e  c e l l  i n t o  t h e  c u l t u r e  
m e d i u m  ( N e i j s s e l  a n d  T e m p e s t ,  1 9 7 5 ) .
T h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s  s t e m m e d  f r o m  t h e  h y p o t h e s i s  
t h a t  t h e  c a r b o n - e x c e s s  c o n d i t i o n s  f o u n d  b y  N e i j s s e l  & T e m p e s t  
( 1 9 7 5 )  t o  i n d u c e  o v e r f l o w  o f  a c e t a t e  a n d  o t h e r  a c i d i c  m e t a b o l i t e s  
f r o m  K l e b s i e l l a  a e rog en es  m i g h t ,  i n  a n  o r g a n i s m  c a p a b l e  o f  
d i f f e r e n t i a t i o n ,  - s u p p o r t  p r o d u c t i o n  o f  a  p o l y k e t i d e  a n t i b i o t i c .  
T h e r e  w a s  a t  t h e  t i m e  r e l a t i v e l y  l i t t l e  p u b l i s h e d  w o r k  o n  
c o n t i n u o u s  c u l t u r e  o f  d i f f e r e n t i a t i n g  s p e c i e s  a n d  n o  d a t a  t o  
s u p p o r t  t h i s  h y p o t h e s i s .  R e p o r t s  h a v e  a p p e a r e d  o f  c h e m o s t a t  w o r k  
w i t h  s t r e p t o m y c e t e s  p r o d u c i n g  a  n u m b e r  o f  a n t i b i o t i c s  ( T a b l e  1 -  
1 ) ,  t h e  f u n g i  p r o d u c i n g  p e n i c i l l i n  ( P i r t  a n d  R I g h e l a t o ,  1 9 6 7 )  a n d  
s t i p i t a t i c  a c i d  ( L i n t o n  e t  a l . , 1 9 8 4 ) ,  a n d  t h e  g r a m i c i d i n
p r o d u c i n g  b a c t e r i u m  B a c i l l u s  b r e v i s  ( M a t t e o  e t  a l . ,  1 9 7 6 ) .
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O b s e r v a t i o n s  t h a t  a n t i b i o t i c  p r o d u c t i o n  c o m m e n c e s  a s  g r o w t h  
r a t e  d e c r e a s e s  h a v e  b e e n  i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  t h e  t w o  
p r o c e s s e s  a r e  i n c o m p a t i b l e  a n d  t h a t  a n t i b i o t i c s  a r e  n o r m a l l y  
p r o d u c e d  a t  n e a r  z e r o  g r o w t h  r a t e s .  S u p p o r t  f o r  t h i s  h y p o t h e s i s  
w a s  p r o v i d e d  b y  c h e m o s t a t  s t u d i e s  o f  p e n i c i l l i n  p r o d u c t i o n  b y  
f u n g a l  c u l t u r e s  ( P i r t  a n d  R i g h e l a t o ,  1 9 6 7 )  a n d  t y l o s i n  p r o d u c t i o n  
b y  S t re p to m y c e s  f r a d i a e  ( V u - T r o n g  a n d  G r a y ,  1 9 8 2 ) .  L o w  g r o w t h  
r a t e s  f a v o u r e d  p r o d u c t i o n  o f  C e p h a m y c i n  C a n d  t h i e n a m y c i n  b y  
S t re p to m y c e s  c a t t l e y a  a l t h o u g h  t h e  l a t t e r  w a s  o n l y  p r o d u c e d  b y  
p h o s p h a t e  l i m i t e d  c u l t u r e s  ( L i l l e y  e t  a l , ,  1 9 8 1 ) .  R e c e n t  w o r k  b y  
L e b r i h i  e t  a l ,  ( 1 9 8 8 )  a l s o  d e m o n s t r a t e d  t h a t  c e p h a m y c i n  C 
p r o d u c t i o n  i n  a m m o n i u m ,  p h o s p h a t e  o r  g l y c e r o l  l i m i t e d  c u l t u r e s  o f  
S.  c l a v u l i g e r u s  w a s  h i g h e s t  w h e n  d i l u t i o n  r a t e s  w e r e  l o w e s t .
H o w e v e r ,  o t h e r  s t u d i e s  h a v e  i n d i c a t e d  t h a t  a n t i b i o t i c  
p r o d u c t i o n  c o r r e l a t e s  p o s i t i v e l y  w i t h  g r o w t h  r a t e .  T h i s  w a s  t h e  
s i t u a t i o n  o b s e r v e d  b y  ( G r a y  a n d  B h u w a p a t h a n a p u n ,  1 9 8 0 )  i n  t h e i r  
s t u d i e s  o f  t y l o s i n  p r o d u c t i o n  w h e r e  t h e y  f o u n d  t h a t  t h e  m a x i m u m  
s p e c i f i c  r a t e  o f  s y n t h e s i s  o c c u r r e d  a t  a  g r o w t h  r a t e  e q u i v a l e n t  
t o  2 7 %  o f  M m a x - R h o d e s  ( 1 9 8 4 )  s h o w e d  t h a t  t h e  s p e c i f i c  p r o d u c t i o n  
r a t e  o f  t e t r a c y c l i n e  i n c r e a s e d  w i t h  g r o w t h  r a t e  i n  c o n t i n u o u s  
c u l t u r e ,  a n  o b s e r v a t i o n  w h i c h  w o u l d  a p p l y  t o  a n y  g r o w t h  r e l a t e d  
a c t i v i t y .  R h o d e s  a l s o  n o t e d  t h a t  g l u c o s e  e x c e s s  c u l t u r e s  t o o k  u p  
g l u c o s e  n o  m o r e  r a p i d l y  t h a n  g l u c o s e  l i m i t e d  c u l t u r e s  a n d  
s p e c u l a t e d  t h a t  t h e r e  w a s  l i t t l e  o r  n o n e  o f  t h e  o v e r f l o w  
m e t a b o l i s m  r e p o r t e d  b y  N e i j s s e l  a n d  T e m p e s t  ( 1 9 7 5 ) .  P r o d u c t i o n  o f  
t h e  p o l y k e t i d e  a n t i b i o t i c  e r y t h r o m y c i n  w a s  r e p o r t e d  b y  T r i l l i  e t  
a l .  ( 1 9 8 7 )  t o  b e  s t r o n g l y  g r o w t h - l i n k e d  w h e n  p h o s p h a t e - l i m i t e d  
S t re p to m y c e s  e r y t h r a e u s  w a s  g r o w n  i n  a  c h e m o s t a t .
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A l l  l i v i n g  o r g a n i s m s  a r e  s h a p e d  b y  t h e i r  e n v i r o n m e n t  a n d  t h e  
n u t r i e n t s  a v a i l a b l e  b u t ,  f o r  m i c r o o r g a n i s m s  o n e  m i g h t  s a y  t h a t  
t h e  n u t r i e n t s  a r e  t h e  e n v i r o n m e n t .  T h i s  o v e r w h e l m i n g  i n f l u e n c e  o f  
n u t r i e n t  s t a t u s ,  a n d  i t s  l i n k s  w i t h  d i f f e r e n t i a t i o n  m a k e  i t  
p o s s i b l e  t o  m a n i p u l a t e  a n t i b i o t i c  p r o d u c t i o n  u s i n g  n u t r i e n t s .  I n  
t h i s  c o n t e x t  i t  i s  n o t e w o r t h y  t h a t  i n  c h e m o s t a t  c u l t u r e ,  b e c a u s e  
a v a i l a b i l i t y  o f  t h e  l i m i t i n g  n u t r i e n t  i s  c o n t r o l l e d ,  
c h a r a c t e r i s t i c s  s u b j e c t ,  i n  b a t c h  c u l t u r e ,  t o  c a t a b o l i t e  
r e p r e s s i o n  m a y  c o e x i s t  w i t h  t h o s e  a s s o c i a t e d  w i t h  a c t i v e  g r o w t h .  
A n  e l e g a n t  e x a m p l e  o f  t h i s  s i t u a t i o n  w a s  p r o v i d e d  b y  T e m p e s t  & 
N e i j s s e l  ( 1 9 8 0 )  i n  t h e i r  d i s c u s s i o n  o f  t h e  h i g h  a f f i n i t y  
g l u t a m a t e  s y n t h a s e  b a s e d  p a t h w a y  f o r  t h e  u p t a k e  o f  a m m o n i a  i n  
K l e b s i e l l a  a e r o g e n e s .  T h e  p a t h w a y  i s  r e p r e s s e d  b y  ' n o r m a l '  
c o n c e n t r a t i o n s  o f  a m m o n i a  b u t  i s  r e a d i l y  d e t e c t e d  i n  a m m o n i a -  
l i m i t e d  c h e m o s t a t s .
R e m o v a l  o f  r e p r e s s i o n  f r o m  p o l y k e t i d e  b i o s y n t h e s i s  w o u l d  
l e a v e  t h e  s y n t h e t i c  e n z y m e s  f r e e  t o  c o m p e t e  w i t h  f a t t y  a c i d  
b i o s y n t h e s i s  f o r  p r e c u r s o r s  a n d  i f  t h e  c u l t u r e  h a d  e x c e s s  c a r b o n  
a v a i l a b l e  t h e n  a n t i b i o t i c  p r o d u c t i o n  a n d  g r o w t h  m i g h t  c o - e x i s t .
1 . 7  C h e m o s t a t  C u l t u r e  o f  a  P o l y k e t i d e  P r o d u c e r
A t  t h e  i n c e p t i o n  o f  t h e  w o r k  c o m p r i s i n g  t h i s  t h e s i s  t h e  
p a p e r  b y  R h o d e s  ( 1 9 8 4 )  i n d i c a t e d  t h a t  c h e m o s t a t  c u l t u r e  o f  a  
p o l y k e t i d e  p r o d u c e r  w a s  l i k e l y  t o  p r o d u c e  i n f o r m a t i o n  o n  t h e  
o v e r f l o w  m e t a b o l i s m  i n  a  d i f f e r e n t i a t i n g  o r g a n i s m .  T h e  c h o i c e  o f  
a  s u i t a b l e  p o l y k e t i d e  p r o d u c i n g  o r g a n i s m  w a s  i n f l u e n c e d  b y  
f i n d i n g s  t h a t  S t re p to m y c e s  a u r e o f a c ie n s  a  t e t r a c y c l i n e  p r o d u c e r
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s i m i l a r  t o  t h a t  u s e d  b y  R h o d e s  f o r m e d  p e l l e t s  w h e n  g r o w n  i n  
f e r m e n t e r s . S t r e p t o m y c e s  n o u r s e i ,  a p r o d u c e r  o f  t w o  o t h e r  
p o l y k e t i d e  a n t i b i o t i c s ,  w h e n  t e s t e d  a s  a  p o s s i b l e  a l t e r n a t i v e  w a s  
f o u n d  t o  p r o d u c e  w e l l  d i s p e r s e d  g r o w t h .  T h e  l a t t e r  o r g a n i s m  w a s  
c h o s e n  f o r  c h e m o s t a t  w o r k  s i n c e  m a t h e m a t i c a l  m o d e l s  o f  c h e m o s t a t s  
n o r m a l l y  a s s u m e  p e r f e c t  m i x i n g  w i t h  a l l  c e l l s  e x p o s e d  t o  t h e  s a m e  
e n v i r o n m e n t  ( P i r t ,  1 9 7 5 ;  N o a c k ,  1 9 8 8 ) .  P e l l e t e d  c u l t u r e s  d o  n o t  
a p p r o a c h  t h e s e  c r i t e r i a  a s  c l o s e l y  a s  t h o s e  w h e r e  t h e  m y c e l i u m  i s  
d i s p e r s e d  b e c a u s e  c e l l s  a t  t h e  c e n t r e  o f  p e l l e t s  e x p e r i e n c e  
d i f f e r e n t  c o n d i t i o n s  f r o m  t h o s e  a t  t h e  s u r f a c e .
1 . 7 . 1  M i x i n g  a n d  W a l l  G r o w t h  i n  C h e m o s t a t s
T h e  g r o w t h  o f  m y c e l i a l  o r g a n i s m s  i n  c h e m o s t a t s  a c c e n t u a t e s  
s o m e  o f  t h e  p r o b l e m s  e n c o u n t e r e d  i n  u s i n g  t h i s  e x p e r i m e n t a l  
t e c h n i q u e .  M i x i n g  e f f i c i e n c y  o f  t h e  a p p a r a t u s ,  i n  a d d i t i o n  t o  t h e  
e f f e c t s  o f  p e l l e t i n g ,  i s  a f f e c t e d  b y  t h e  h i g h e r  v i s c o s i t y  o f  t h e
c u l t u r e  r e s u l t i n g  f r o m  t h e  p r e s e n c e  o f  s u s p e n d e d  m y c e l i u m .  T h e
m y c e l i a l  g r o w t h  f o r m  h a s  e v o l v e d  t o  e n a b l e  o r g a n i s m s  t o  a t t a c h
t o ,  a n d  e x p l o i t  s o l i d  s u b s t r a t e s  a n d  i n  l i q u i d  c u l t u r e s  i t  i s  n o t
u n c o m m o n  t o  f i n d  s u c h  s p e c i e s  a t t a c h e d  t o  t h e  w a l l s  o f  t h e  
c u l t u r e  v e s s e l .  B i o m a s s  a t t a c h e d  t o  s t i r r e r s ,  p r o b e s  a n d  w a l l s  i n  
a  c h e m o s t a t  i s  y e t  a n o t h e r  c a u s e  o f  i n h o m o g e n e i t y  a n d  s i n c e  t h e  
o r g a n i s m s  a r e  r e t a i n e d  w i t h i n  t h e  v e s s e l  t h e  e x i t  f l o w ,  a n d  
s a m p l e s  t a k e n ,  a r e  n o t  t r u l y  r e p r e s e n t a t i v e  o f  t h e  o v e r a l l  
b i o m a s s  c o n c e n t r a t i o n  i n  t h e  c u l t u r e  v e s s e l .  A g g r e g a t i o n s  o f  
m y c e l i u m  c a n  c a u s e  b l o c k a g e s  a n d  w i t h  t h e  t o u g h e r  f u n g a l  v a r i e t y  
i t  h a s  b e e n  f o u n d  n e c e s s a r y  t o  d e s i g n  c l e a r a n c e  s y s t e m s  
( R i g h e l a t o  a n d  P i r t  1 9 6 7 ) .
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M y c e l i a l  o r g a n i s m s  a p p e a r  m o r e  l i k e l y  t o  s u f f e r  p h y s i c a l  
d a m a g e  t h a n  s i n g l e  c e l l e d  s p e c i e s ,  a n d  m a y  t h u s  l i b e r a t e  c e l l  
d e b r i s  a n d  m a c r o m o l e c u l e s  w h i c h  c a n  I n c r e a s e  t h e  t e n d e n c y  o f  
c u l t u r e  m e d i a  t o  f o a m .  T h e  a d d i t i o n  o f  f o a m  c o n t r o l  a g e n t s  
u n f o r t u n a t e l y  a c c e l e r a t e s  t h e  b u i l d  u p  o f  w a l l  g r o w t h  ( T e m p e s t ,  
1 9 7 0 ) .  T h e s e  p r o b l e m s  w h i l e  n o t  I n s u r m o u n t a b l e  m a y  h a v e  
d i s c o u r a g e d  c h e m o s t a t  e x p e r i m e n t s  w i t h  s t r e p t o m y c e t e s  a n d  s o  
a c c o u n t  f o r  t h e  r e l a t i v e l y  s m a l l  a m o u n t  o f  p u b l i s h e d  w o r k  i n  t h i s  
a r e a .
1 . 7 . 3  S e l e c t i o n  P r e s s u r e  i n  t h e  C h e m o s t a t
T h e  c o n d i t i o n s  o f  s u s t a i n e d  l o w  s u b s t r a t e  c o n c e n t r a t i o n  
o f f e r e d  b y  c h e m o s t a t  c u l t u r e ,  i n  a d d i t i o n  t o  p r o v i d i n g  u n i q u e  
c o n d i t i o n s  f o r  p h y s i o l o g i c a l  s t u d i e s ,  a l s o  e x e r t  a  p o w e r f u l  
s e l e c t i v e  p r e s s u r e  ( H e l l i n g  e t  a l . ,  1 9 8 7 ) .  M u t a n t s  w h i c h  u s e  t h e  
l i m i t i n g  n u t r i e n t  m o r e  e f f i c i e n t l y  c o m e  t o  d o m i n a t e  t h e  c u l t u r e  
a s  l e s s  w e l l  a d a p t e d  t y p e s  a r e  s t e a d i l y  w a s h e d  o u t .  T h e  
p r o d u c t i o n  o f  a n t i b i o t i c s ,  b y  d i v e r t i n g  e s s e n t i a l  r e s o u r c e s ,  m a y  
m a k e  c e l l s  l e s s  c o m p e t i t i v e  a n d  i t  h a s  b e e n  f o u n d  t h a t  p r o l o n g e d  
c h e m o s t a t  c u l t u r e  o f  a n t i b i o t i c  p r o d u c e r s  c a n  l e a d  t o  s e l e c t i o n  
o f  n o n - p r o d u c i n g  m u t a n t s  ( R o t h  a n d  N o a c k ,  1 9 8 2 ;  R i g h e l a t o ,  1 9 7 6 ) .
D i r e c t e d  s e l e c t i o n  i n  c o n t i n u o u s  c u l t u r e  w a s  u s e d  t o  
a d v a n t a g e  b y  R o t h  e t  a l .  ( 1 9 8 7 )  t o  o b t a i n  m u t a n t s  a l t e r e d  i n  
i n d u c t i o n  o f  t h e  c o m m e r c i a l l y  i m p o r t a n t  e n z y m e  D - g l u c o s e  
i s o m e r a s e .  S e l e c t i v e  p r e s s u r e  i n  t h e  f o r m  o f  a n t i b i o t i c s  h a s  a l s o  
b e e n  u s e d  t o  w i t h  c o n t i n u o u s  c u l t u r e  t o  i m p r o v e  t h e  s t a b i l i t y  o f  
a  p l a s m i d  c o d i n g  f o r  r e s i s t a n c e  i n  B a c i l l u s  s u b t i l i s  ( F l e m i n g  e t  
a l . ,  1 9 8 8 ) .  R e c e n t l y  c h e m o s t a t  c u l t u r e  h a s  b e e n  u s e d ,  w i t h  s o m e
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s u c c e s s ,  t o  a p p l y  s e l e c t i v e  p r e s s u r e s  f a v o u r i n g  a n t i b i o t i c  o v e r ­
p r o d u c i n g  m u t a n t s  o f  S t re p to m y c e s  g r i s e u s  ( B u t l e r  1 9 8 9 ) .  T h i s  
w a s  a c h i e v e d  b y  a d d i n g  a n t i b i o t i c  t o  t h e  c h e m o s t a t  a t  a  r a t e  
l i n k e d  b y  f e e d b a c k  c o n t r o l  t o  t h e  c a r b o n  d i o x i d e  p r o d u c t i o n  r a t e .
1 . 8  T h e  m o d e l  o r g a n i s m ,  S. n o u r s e i ,  a n d  i t s  a n t i b i o t i c s
T h e  s t r a i n  o f  S. n o u r s e i  N C I B  8 5 9 3  c h o s e n  f o r  t h e  c h e m o s t a t  
s t u d i e s  p r o d u c e s  t h e  t w o  p o l y k e t i d e  d e r i v e d  a n t i b i o t i c s  n y s t a t i n  
( H a z e n  a n d  B r o w n  1 9 5 1 )  a n d  c y c l o h e x i m i d e  ( B r o w n  a n d  H a z e n  1 9 5 6 ) .  
B i o l o g i c a l  a s s a y  s y s t e m s  w e r e  a v a i l a b l e  f o r  b o t h  a n t i b i o t i c s  a n d ,  
i n  t h e  c a s e  o f  n y s t a t i n ,  u l t r a v i o l e t  s p e c t r o p h o t o m e t r y  p r o v i d e d  
a n  a d d i t i o n a l  a s s a y  m e t h o d .  P r o d u c t i o n  o f  n y s t a t i n  i n  b a t c h  
c u l t u r e  h a s  b e e n  w i d e l y  s t u d i e d  i n  c o n n e c t i o n  w i t h  c o m m e r c i a l  
e x p l o i t a t i o n  o f  t h i s  i m p o r t a n t  a n t i f u n g a l  a n t i b i o t i c  ( D o l e z i l o v a  
e t  a l . , 1 9 6 5 ;  T o r o p o v a  e t  a l . , 1 9 7 2 ;  L o p a t n e v  e t  a l . , 1 9 7 3 ;
M a i k o v  a n d  F e d e e v a ,  1 9 8 1 ) .  T h e  l i t e r a t u r e  i n c l u d e s  r e p o r t s  t h a t  a  
d i v e r s e  s e l e c t i o n  o f  o r g a n i c  a c i d s  p r o d u c e d  b y  S t re p to m y c e s  
n o u r s e i  d u r i n g  t r o p h o p h a s e  a p p e a r  t o  p l a y  s o m e  p a r t  i n  t h e  
s u b s e q u e n t  p r o d u c t i o n  o f  n y s t a t i n  ( P o p o v a  & S t e p a n o v a ,  1 9 6 2 ;  
T o r o p o v a  e t  a l . , 1 9 7 2 )  a n d  i t  w a s  s u g g e s t e d  t h a t  2 - o x o - g l u t a r a t e  
w a s  c o n s u m e d  b y  c u l t u r e s  s y n t h e s i s i n g  t h e  a n t i b i o t i c .  T h e  
o v e r f l o w  o f  o r g a n i c  a c i d s  h a s  b e e n  d e m o n s t r a t e d  w i t h  b a t c h  
c u l t u r e s  o f  m a n y  s t r e p t o m y c e t e s  ( G r & f e  e t  a l . ,  1 9 7 5 ;  A h m e d  e t  
a l . ,  1 9 8 4 ;  S u r o w i t z  a n d  P f i s t e r ,  1 9 8 5 ;  D e k l e v a  a n d  S t r o h l ,  1 9 8 7 )  
b u t  t h e r e  a r e  n o  r e p o r t s  o f  w h a t  h a p p e n s  i n  t h e  s t a b l e  n u t r i e n t -  
l i m i t e d  e n v i r o n m e n t  o f  t h e  c h e m o s t a t  a s  u s e d  i n  t h e  w o r k  o f  
N e i j s s e l  a n d  T e m p e s t  ( 1 9 7 5 ) .  B a t c h  c u l t u r e  e x p e r i m e n t s  w i t h  S.
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n o u r s e i  ( F a d e e v a  a n d  M a i k o v ,  1 9 7 8 )  u s i n g  l a b e l l e d  a c e t a t e  a n d  
p r o p i o n a t e  s h o w e d  t h a t  t h e  p r e c u r s o r s  w e r e  a t  f i r s t  i n c o r p o r a t e d  
i n t o  f a t t y  a c i d s  a n d  o n l y  l a t e r  i n t o  n y s t a t i n ,  o b s e r v a t i o n s  i n  
k e e p i n g  w i t h  t h e  c o n c e p t  o f  p o l y k e t i d e  s y n t h e s i s  a s  a  s i n k  f o r  
f a t t y  a c i d  p r e c u r s o r s .  T h e  p r o d u c t i o n  o f  t y p i c a l  o v e r f l o w  
m e t a b o l i t e s  b y  S .  n o u r s e i  w h e n  a n t i b i o t i c  p r o d u c t i o n  w a s  
r e p r e s s e d  s u g g e s t e d  t h a t  t h i s  w o u l d  b e  a  s u i t a b l e  m o d e l  s y s t e m  
f o r  i n v e s t i g a t i n g  w h e t h e r  a n t i b i o t i c s  c a n  b e  e n d  p r o d u c t s  o f  
o v e r f l o w  m e t a b o l i s m .
N y s t a t i n  p r o d u c i n g  o r g a n i s m s  a p p e a r  t o  s y n t h e s i s e  m i x t u r e s  
o f  c l o s e l y  r e l a t e d  c o m p o u n d s  o f  w h i c h  t h r e e  a r e  r e g a r d e d  a s  
n y s t a t i n s  ( A - ^ ,  A 2 , A ^ )  . C o m m e r c i a l  n y s t a t i n  c o n s i s t s  l a r g e l y  o f  
n y s t a t i n  w i t h  v a r i a b l e  a m o u n t s  o f  o t h e r  c o m p o u n d s  i n c l u d i n g  
n y s t a t i n s  A 2  a n d  ( T h o m a s  e t  a l . ,  1 9 8 1 ;  T h o m a s  e t  a l . ,  1 9 8 2  a n d  
M i l h a u d  e t  a l . ,  1 9 8 6 ) .  B i o s y n t h e s i s  o f  t h e  n y s t a t i n  c h r o m o p h o r e  
i n v o l v e s  t h e  a s s e m b l y  o f  1 6  a c e t a t e  a n d  3  p r o p i o n a t e  d e r i v e d  
u n i t s  ( B i r c h  e t  a l . ,  1 9 6 4 )  t o  g i v e  t h e  s t r u c t u r e  s h o w n  i n  F i g u r e  
1 - 3  ( I k e d a  e t  a l . ,  1 9 6 7 ) .  M y c o s a m i n e  i s  g l y c o s i d i c a l l y  l i n k e d  t o  
t h e  c h r o m o p h o r e  i n  a l l  t h r e e  f o r m s  w h i l e  n y s t a t i n  A ^  h a s  a n  
a d d i t i o n a l  m o i e t y  o f  L - d i g i t o x o s e  ( Z i e l i n s k i  e t  a l . , 1 9 8 8 ) .  T h e r e  
d o e s  n o t  a p p e a r  t o  b e  a n y  d e t a i l e d  i n f o r m a t i o n  a v a i l a b l e  o n  t h e  
s t r u c t u r e  o f  n y s t a t i n  A 2 .
25
Nystatin A, R = H
Nystatin A3 R =
CH
3 /H O
HO
Cycloheximide
F i g u r e  1 - 3  T h e  s t r u c t u r e s  o f  t h r e e  o f  t h e  a n t i b i o t i c s  
p r o d u c e d  b y  S t re p to m y c e s  n o u r s e i
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T h e  a c t i v a t e d  p r e c u r s o r s  I n v o l v e d  i n  t h e  p o l y m e r i s a t i o n  
r e a c t i o n s  a r e  t h o u g h t  t o  b e  m a i n l y  m a l o n y l - C o A  a n d  m e t h y l m a l o n y l -  
C o A  w i t h  p r o p i o n y l - C o A  a s  a  p r i m e r  u n i t ,  t h u s :
I n i t i a l i s a t i o n
c h 3
I
C H 3 - C H 2 - C O - S - C o A  +  H O O C - C H - C O - S - C o A
c h 3
I
- - - >  C H 3 - C H 2 - C O - C H - C O - S - C o A  +  C 0 2  +  C o A S H
E l o n g a t i o n
R  R
I I
C H 3 - C H 2 - ( C O - C H ) n - C O - S - C o A  +  H O O C - C H - C O - S - C o A
R  R
I I
- - - >  C H 3 - C H 2 - ( C O - C H ) n + 1 - C O - C H - C O - S - C o A  +  C 0 2
R  =  H o r  C H 3
T h e  w o r k  o f  B i r c h  e t  a l .  ( 1 9 6 4 )  i n d i c a t e s  t h a t  t h e  l a c t o n e  
o x y g e n  i s  f o r m e d  b y  r i n g  c l o s u r e  a t  t h e  c a r b o x y l  g r o u p  o f  t h e  
a c e t a t e  u n i t  a n d  t h a t  t h e  c a r b o x y l  g r o u p  o n  t h e  f i n i s h e d  a g l y c o n e  
i s  d e r i v e d  f r o m  t h e  m e t h y l  g r o u p  o f  a  p r o p i o n a t e .
T h e  c a r b o n  s k e l e t o n  o f  c y c l o h e x i m i d e  i s  a s s e m b l e d  b y  
c o n d e n s a t i o n  o f  s i x  m a l o n a t e  r e s i d u e s  o n e  o f  w h i c h  r e m a i n s  i n  t h e
c a r b o x y l a t e d  f o r m  ( V a n e k  a n d  V o n d r a c e k ,  1 9 6 5 ) .  T h e s e  a u t h o r s
o b s e r v e d  t h a t  a  s t r a i n  p r o d u c i n g  h i g h  l e v e l s  o f  n y s t a t i n  f a i l e d  
t o  p r o d u c e  c y c l o h e x i m i d e  a n d ,  c o m p a r i n g  t h i s  w i t h  t h e  p a r e n t a l
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s t r a i n ,  t h e y  c o n c l u d e d  t h a t  m a l o n a t e  u n i t s  w e r e  p r e f e r e n t i a l l y  
i n c o r p o r a t e d  i n t o  n y s t a t i n .
C l e a r l y ,  t o  s u p p o r t  b i o s y n t h e s i s  o f  t h e s e  t w o  a n t i b i o t i c s ,  
t h e  o r g a n i s m  m u s t  g e n e r a t e  s u p p l i e s  o f  m a l o n y l - C o A  ( u p  t o  1 5  p e r  
m o l e c u l e ) , m e t h y l m a l o n y l - C o A  a n d  p r o p i o n y l - C o A  f r o m  t h e  n u t r i e n t s  
a v a i l a b l e .  A  n u m b e r  o f  p a t h w a y s  a r e  a b l e  t o  s u p p l y  t h e s e  
p r e c u r s o r s  a n d  t h e  b a l a n c e  b e t w e e n  t h e m  w i l l  d e p e n d  o n  t h e  
e n v i r o n m e n t a l  c o n d i t i o n s  i m p o s e d  u p o n  t h e  o r g a n i s m .
R a f a l s k i  a n d  R a c z y n s k a - B o j a n o w s k a  ( 1 9 7 2 )  s u g g e s t e d  t h a t  
m a l o n y l - C o A  i s  p r o d u c e d  i n  S t re p to m y c e s  n o u r s e i  f r o m  a c e t y l - C o A  
b y  c a r b o x y l a t i o n ,  w h i l e  m e t h y l m a l o n y l - C o A  c a n  b e  d e r i v e d  f r o m  
p r o p i o n y l - C o A  b y  c a r b o x y l a t i o n  o r  t r a n s c a r b o x y l a t i o n  f r o m  
o x a l o a c e t a t e . T h e s e  w o r k e r s  f o u n d  e v i d e n c e  o f  a  c y c l e  b a s e d  o n  
t h e  l a t t e r  r e a c t i o n  ( F i g u r e  1 - 4 ) ,  a n d  l a t e r  ( R a f a l s k i  a n d  
R a c z y n s k a - B o j a n o w s k a , 1 9 7 3 )  s u g g e s t e d  t h a t  a v a i l a b i l i t y  o f
o x a l o a c e t a t e  c o u l d  b e  r a t e  l i m i t i n g  f o r  n y s t a t i n  b i o s y n t h e s i s .  
T h e  a u t h o r s  d i d  n o t ,  h o w e v e r ,  a t t e m p t  t o  d e f i n e  i n  d e t a i l  t h e  
o r i g i n s  o f  t h e  p r o p i o n y l - C o A  r e q u i r e d  f o r  t h e s e  r e a c t i o n s .  O n e  
p o t e n t i a l  s o u r c e  i s  c a t a b o l i s m  o f  t h e  b r a n c h e d  c h a i n  a m i n o  a c i d s  
v a l i n e  a n d  i s o l e u c i n e  a s  s h o w n  i n  F i g u r e  1 - 1  ( M a s s e y  e t  a l . ,  
1 9 7 6 ) .  I n  a d d i t i o n  t o  s u p p l y i n g  t h e  p r i m e r  d i r e c t l y ,  t h e s e  
r e a c t i o n s  c o u l d  y i e l d  m e t h y l m a l o n y l - C o A  v i a  t h e  c y c l e  s h o w n  i n  
F i g u r e  1 - 4 .
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P Y R U V A T E  O X A L O A C E T A T E
M E T H Y L M A L O N Y L - C o A  P R O P I O N Y L - C o A
F i g u r e  1 - 4 .  T h e  T r a n s c a r b o x y l a t i o n  C y c l e  
( R a f a l s k i  a n d  R a c z y n s l c a - B o j  a n o w s k a ,  1 9 7 2 )
R e - a r r a n g e m e n t  o f  s u c c i n y l - C o A  b y  m e t h y l m a l o n y l - C o A  m u t a s e  
p r o v i d e s  a n  a l t e r n a t i v e  s o u r c e  o f  m e t h y l m a l o n y l - C o A  w h i c h  i s  n o t  
d e p e n d e n t  o n  p r o p i o n y l - C o A .  T h i s  v i t a m i n  B ^ 2  d e p e n d e n t  p a t h w a y  
h a s  b e e n  s h o w n  t o  p l a y  a n  i m p o r t a n t  p a r t  i n  t h e  s u p p l y  o f  m e t h y l -  
m a l o n y l - C o A  r e q u i r e d  f o r  s y n t h e s i s  o f  e r y t h r o m y c i n  b y  
S a c c h a ro p o ly s p o ra  e r y t h r a e a  t h e n  k n o w n  a s  S t re p to m y c e s  e r y t h r e u s  
( H u n a i t i  a n d  K o l a t t u k u d y ,  1 9 8 4 ) .  I n  t h i s  c o n t e x t  i t  i s  
i n t e r e s t i n g  t o  n o t e  f i r s t l y ,  t h a t  b o t h  S t re p to m y c e s  n o u r s e i  
( M u s i l k o v a ,  1 9 6 1 )  a n d  S t re p to m y c e s  e r y t h r e u s  ( M u s i l e k ,  1 9 5 9 )  c a n  
p r o d u c e  v i t a m i n  B 2 2  a l o n g  w i t h  t h e i r  r e s p e c t i v e  a n t i b i o t i c s  a n d
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s e c o n d l y ,  t h a t  a  d e f i n e d  m e d i u m  s u p p o r t i n g  g o o d  n y s t a t i n  
p r o d u c t i o n  ( P o p o v a  a n d  S t e p a n o v a ,  1 9 6 2 ) ,  i n c o r p o r a t e d  s u c c i n a t e ,  
a  l i k e l y  p r e c u r s o r  o f  s u c c i n y l - C o A .  T h e  e x i s t e n c e  o f  m u l t i p l e  
p a t h w a y s  f o r  a c y l - C o A  p r o d u c t i o n  r a i s e s  t h e  p o s s i b i l i t y  t h a t  
n u t r i e n t  s o u r c e s ,  e g .  a  r i c h  s u p p l y  o f  b r a n c h e d  a m i n o  a c i d s ,
c o u l d  e x e r t  a n  i n f l u e n c e  o n  s e c o n d a r y  m e t a b o l i s m .  T h e
a v a i l a b i l i t y  o f  t h e  m a l o n y l - C o A  a n d  m e t h y l m a l o n y l - C o A  m i g h t  b e  
e x p e c t e d  t o  a f f e c t  t h e  a m o u n t  o f  n y s t a t i n  t h a t  t h e  o r g a n i s m  c a n  
p r o d u c e  a n d  R a c z y n s k a - B o j a n o w s k a  e t  a l . ( 1 9 7 3 )  f o u n d  t h a t
a n t i b i o t i c  s y n t h e s i s i n g  a b i l i t y  c o r r e l a t e d  w i t h  t h e  a c t i v i t y  o f  
a c e t y l - C o A  c a r b o x y l a s e .
1 . 9  F o r m u l a t i o n  o f  a  D e f i n e d  C u l t u r e  M e d i u m
I n v e s t i g a t i o n s  o f  m i c r o b i a l  p h y s i o l o g y  u s i n g  b i o r e a c t o r s  
b e n e f i t  f r o m  t h e  c o n t r o l  p r o v i d e d  o f  p h y s i c a l  p a r a m e t e r s  s u c h  a s  
p H ,  t e m p e r a t u r e  a n d  o x y g e n  s u p p l y .  C h e m o s t a t  c u l t u r e s
a d d i t i o n a l l y  m a k e  i t  p o s s i b l e  t o  c o n t r o l  t h e  g r o w t h  r a t e  o f  t h e
c u l t u r e  f o r  p r o l o n g e d  p e r i o d s .  F u r t h e r  c o n t r o l  o f  t h e  e n v i r o n m e n t  
c a n  b e  a c h i e v e d  u s i n g  c h e m i c a l l y  d e f i n e d  m e d i a .  T h e  p r e c i s e  
f o r m u l a  o f  t h e  m e d i u m  m a y  v a r y  e n o r m o u s l y  a n d  b e f o r e  s t a r t i n g  
e x p e r i m e n t a l  w o r k  d e c i s i o n s  m u s t  b e  t a k e n  r e g a r d i n g  i t s  
c o m p o s i t i o n .  A  s t r o n g  i n f l u e n c e  o n  t h e  d e s i g n  o f  m e d i a  u s e d  f o r  
t h i s  p r o j e c t  w a s  t h e  o b s e r v a t i o n  m a d e  q u i t e  e a r l y  i n  t h e  h i s t o r y  
o f  a n t i b i o t i c s  ( D u l a n e y ,  1 9 4 8 )  a n d  b y  m a n y  w o r k e r s  s i n c e  
( A h a r o n o w i t z  a n d  D e m a i n ,  1 9 7 9 ;  K o z a k  a n d  D o b r z a n s k i ,  1 9 7 7 )  t h a t  
a n t i b i o t i c  p r o d u c t i o n  i s  f a v o u r e d  b y  a m i n o  a c i d  b a s e d  m e d i a  a n d  
b y  p r o l i n e  i n  p a r t i c u l a r  ( S h a p i r o  a n d  V i n i n g ,  1 9 8 3 ;  S o l i v e r i  e t
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a l . ,  1 9 8 8 ) .  T h i s  i s  p r o b a b l y  b e c a u s e  n i t r o g e n  r e p r e s s i o n  o f  
a n t i b i o t i c  s y n t h e s i s ,  w h i c h  i s  o f t e n  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  
o f  a m m o n i a ,  c a n  b e  a v o i d e d  b y  u s i n g  a m i n o  a c i d s  a s  a  s o u r c e  o f  
n i t r o g e n  ( A h a r o n o w i t z , 1 9 8 0 ) .  T h e  p a r t i c u l a r l y  b e n e f i c i a l  e f f e c t s  
f r e q u e n t l y  s e e n  w h e n  u s i n g  p r o l i n e  m a y  b e  l i n k e d  t o  t h e  f a c t  t h a t  
t h e  n i t r o g e n  i s  i n  t h e  f o r m  o f  a  s e c o n d a r y  a m i n e .  T h e  c h e m i c a l  
n a t u r e  o f  t h i s  g r o u p  m a y  p r e v e n t  i t  i n t e r a c t i n g  i n  r e g u l a t o r y  
p r o c e s s e s  s e n s i t i v e  t o  t h e  p r e s e n c e  o f  a m i n o  a c i d s .  T h i s  
' m a s k i n g '  e f f e c t  m a y  a c c o u n t  f o r  t h e  o b s e r v a t i o n  t h a t  p r o l i n e  i s  
l i n k e d  w i t h  o s m o r e g u l a t i o n  i n  a  w i d e  v a r i e t y  o f  l i v i n g  s y s t e m s  
( W o o d r i n g  &. B l a k e n e y ,  1 9 8 0 ;  P u l i c h ,  1 9 8 6 ;  S u g i u r a  6c K i s u m i ,  1 9 8 5 )  
w h e r e  i t  i s  o f t e n  f o u n d  t o  a c c u m u l a t e  w i t h i n  t h e  o r g a n i s m .  
P r o k a r y o t i c  o r g a n i s m s  a l s o  a c c u m u l a t e  p r o l i n e  u n d e r  s i m i l a r  
c i r c u m s t a n c e s  a n d  o s m o t i c  s t r e s s  h a s  b e e n  s h o w n  t o  m o d u l a t e  
i n d u c t i o n  o f  o n e  o f  t h e  p r o l i n e  t r a n s p o r t  s y s t e m s  o f  E s c h e r i c h i a  
c o l i  ( G r o t h e  e t  a l . ,  1 9 8 6 ) .  M a n i p u l a t i o n  o f  t h e  o s m o t i c  s t r e n g t h  
o f  t h e  e n v i r o n m e n t  i n  p r o l i n e  b a s e d  m e d i a  m a y ,  t h r o u g h  
c o n t r o l l i n g  a c c u m u l a t i o n  o f  t h e  a m i n o  a c i d ,  p r o v i d e  a  m e a n s  o f  
m o d i f y i n g  s e c o n d a r y  m e t a b o l i s m .
T h e  s t a t u s  o f  p r o l i n e  a s  a  n o n - r e p r e s s i v e  n i t r o g e n  s o u r c e  
w a s  e v a l u a t e d  b y  p e r f o r m i n g  c h e m o s t a t  e x p e r i m e n t s  w i t h  p r o d u c t s  
o f  p r o l i n e  c a t a b o l i s m .  T h e  f i r s t  c o m m o n l y  o c c u r r i n g  c o m p o u n d  o n  
t h i s  p a t h w a y  ( F i g u r e  1 - 5 )  i s  g l u t a m a t e  w h i c h ,  l i k e  p r o l i n e ,  h a s  a
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F i g u r e  1 - 5 .  C o n v e r s i o n  o f  P r o l i n e  t o  G l u t a m i c  A c i d  
( S t r e c k e r ,  1 9 7 1  a n d  r e f e r e n c e s  t h e r e i n )
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l o w ,  a n d  f i x e d ,  r a t i o  o f  c a r b o n  t o  n i t r o g e n .  F o r m u l a t i o n  o f  
c a r b o n  r i c h  m e d i a  b a s e d  o n  t h e s e  a m i n o  a c i d s  t h e r e f o r e  r e q u i r e d  
t h e  i n c l u s i o n  o f  a n  a d d i t i o n a l  c a r b o n  s o u r c e .  G l y c e r o l  w a s  c h o s e n  
f o r  t h i s  p u r p o s e  s i n c e  i t  i s  u t i l i s e d  b y  s t r e p t o m y c e t e s  a n d  i s  
l e s s  l i k e l y  t o  c a u s e  t h e  r e p r e s s i o n  s e e n  w i t h  o t h e r  r e a d i l y  
u t i l i s e d  c a r b o n  s o u r c e s  s u c h  a s  g l u c o s e  ( M a r t i n  a n d  D e m a i n ,  
1 9 8 0 )  . A d d i t i o n a l  m e d i a  w e r e  d e s i g n e d  w h e r e  t h e  c a r b o n  i n  
p r o l i n e / g l u t a m a t e  w a s  r e p l a c e d  b y  2 - o x o - g l u t a r a t e  o r  g l y c e r o l ,  
a n d  t h e  n i t r o g e n  s u p p l i e d  a s  a m m o n i a .  T h e  m e t a b o l i c  p a t h w a y s  
i n v o l v e d  i n  u t i l i s a t i o n  o f  t h e s e  c a r b o n  s o u r c e s  a r e  s h o w n  i n  
f i g u r e  1 - 6  w h i c h  a l s o  i l l u s t r a t e s  l i k e l y  l i n k s  t o  n y s t a t i n  
b i o s y n t h e s i s .
D e s i g n  o f  a  d e f i n e d  c u l t u r e  m e d i u m  a l s o  i n v o l v e d  
c o n s i d e r a t i o n  o f  p h o s p h a t e  c o n t e n t  s i n c e ,  a s  n o t e d  p r e v i o u s l y ,  
r e p r e s s i o n  o f  a n t i b i o t i c  s y n t h e s i s  b y  i n o r g a n i c  p h o s p h a t e  i s  
o f t e n  r e c o r d e d .  T h e  i n c l u s i o n  o f  a n  o r g a n i c  p h o s p h o r u s  s o u r c e  
s e e m e d  l i k e l y  t o  c o n f u s e  t h e  s i t u a t i o n  b y  a d d i n g  a  t h i r d  c a r b o n  
s o u r c e .  T h e  a p p r o a c h  t a k e n  w a s  t o  d e t e r m i n e  p h o s p h a t e  
r e q u i r e m e n t s  o f  S. n o u r s e i  s o  t h a t ,  a s  i n d i c a t e d  b y  R h o d e s  
( 1 9 8 4 ) ,  l e v e l s  c o m p a t i b l e  w i t h  a n t i b i o t i c  p r o d u c t i o n  m i g h t  b e  
s e l e c t e d .  T h e  a m o u n t s  o f  s u l p h u r ,  p o t a s s i u m ,  c a l c i u m ,  m a g n e s i u m  
a n d  i r o n  r e q u i r e d  w e r e  a l s o  i n v e s t i g a t e d  w i t h  t h e  i n t e n t i o n  o f  
e n s u r i n g  t h a t  t h e r e  w a s  n o  d o u b t  r e g a r d i n g  w h i c h  o f  t h e  n u t r i e n t s  
w a s  l i m i t i n g  i n  a  g i v e n  e x p e r i m e n t .
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p r o l i n e
F i g u r e  1 - 6 .  R e l a t i o n s h i p  o f  N y s t a t i n  B i o s y n t h e s i s  t o  t h e  
C i t r i c  A c i d  C y c l e  a n d  G l y c o l y s i s
34
1 .1 0  Aim s o f  th e  E x p e r im e n ta l Work
T h e  a i m  o f  t h i s  w o r k  w a s  t o  u s e  t h e  u n i q u e  c o n d i t i o n s  
o f f e r e d  b y  c o n t i n u o u s  c u l t u r e  a s  a  a i d  t o  u n d e r s t a n d i n g  t h e  
p h y s i o l o g y  o f  a n  a n t i b i o t i c  p r o d u c i n g  s t r e p t o m y c e t e . P a r t i c u l a r  
e m p h a s i s  w a s  p l a c e d  u p o n  i n v e s t i g a t i n g  t h e  e f f e c t s  o f  s u b j e c t i n g  
a  p o l y k e t i d e  p r o d u c e r  t o  t h e  c o n d i t i o n s  p r o v o k i n g  o v e r f l o w  
m e t a b o l i s m  i n  K. a e ro g e n e s . T h e  m o d e l  o r g a n i s m  s e l e c t e d  f o r  s t u d y  
w a s  S. n o u r s e i  w h i c h  p r o d u c e s  t h e  p o l y k e t i d e  a n t i b i o t i c s  n y s t a t i n  
a n d  c y c l o h e x i m i d e .
A n  i n i t i a l  o b j e c t i v e  o f  t h e  w o r k  w a s  t o  d e f i n e  t h e  n u t r i e n t  
r e q u i r e m e n t s  o f  a  " t y p i c a l "  s t r e p t o m y c e t e .  C h e m o s t a t  c u l t u r e  i s  
p a r t i c u l a r l y  u s e f u l  f o r  t h i s  p u r p o s e  s i n c e  t h e  s t e a d y - s t a t e  
b i o m a s s  i s  d i r e c t l y  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  t h e  l i m i t i n g -  
n u t r i e n t  i n  t h e  c u l t u r e  m e d i u m .  T h e  d a t a  g a t h e r e d  m a d e  i t  
p o s s i b l e  t o  s p e c i f y ,  i n  s u b s e q u e n t  e x p e r i m e n t s ,  w h i c h  n u t r i e n t  
w a s  l i m i t i n g  a n d  h o w  m u c h  e x c e s s  t h e r e  w a s  o f  t h e  n o n - l i m i t i n g  
n u t r i e n t s .
T h e  n e x t  o b j e c t i v e  w a s  t o  d e v i s e  c u l t u r e  c o n d i t i o n s  w h i c h  
s u p p o r t e d  n y s t a t i n  p r o d u c t i o n  i n  c o n t i n u o u s  c u l t u r e .  T h e  
c o m p o s i t i o n  o f  t h e  m e d i u m  w a s  e x p e c t e d  t o  i n f l u e n c e  a n t i b i o t i c  
p r o d u c t i o n  i n  t h e  c h e m o s t a t .  T h e  f i r s t  m e d i a  t e s t e d  w e r e  b a s e d  
u p o n  p r o l i n e ,  a n  a m i n o  a c i d  w h i c h  e x p e r i e n c e  h a d  s h o w n  t o  b e  a  
p a r t i c u l a r l y  u s e f u l  c o m p o n e n t  i n  m e d i a  u s e d  i n  t h e  s e a r c h  f o r  
n o v e l  m e t a b o l i t e s .  R e p o r t s  h a v e  a p p e a r e d  i n  t h e  l i t e r a t u r e  w h i c h  
a l s o  s u g g e s t  t h a t  p r o l i n e  i s  f r e q u e n t l y  a s s o c i a t e d  w i t h  h i g h e r  
a n t i b i o t i c  t i t r e s .  S u c c e s s  w i t h  t h e  p r o l i n e  m e d i a  p r o m p t e d  
f u r t h e r  e x p l o r a t i o n  o f  t h e  s p e c i a l  r o l e  o f  p r o l i n e  u s i n g
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g l u t a m a t e  a n d  2 - o x o - g l u t a r a t e , w h i c h  a r e  c a t a b o l i t e s  o f  p r o l i n e ,  
i n  p l a c e  o f  t h e  l a t t e r .
E x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  i n v e s t i g a t e  a  s t r o n g  l i n k  
b e t w e e n  b e t w e e n  g r o w t h  r a t e  a n d  a n t i b i o t i c  p r o d u c t i o n ,  w h i c h  w a s  
f i r s t  i d e n t i f i e d  i n  t h e  p r o l i n e  m e d i u m .
E x c r e t i o n  o f  o r g a n i c  a c i d s  b y  t h e  c h e m o s t a t  c u l t u r e s  w a s  
m o n i t o r e d  u s i n g  i o n  c h r o m a t o g r a p h y  a n d  r e l a t i o n s h i p s  w i t h  
n y s t a t i n  p r o d u c t i o n  s o u g h t ,  u s i n g  c o n d i t i o n s  w h i c h  m i g h t  b e  
e x p e c t e d  t o  p r o v o k e  o v e r f l o w  m e t a b o l i s m  i n  K. a e r o g e n e s .
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CHAPTER 2
METHODS
2,1 Media
2 . 1 . 1  C A B  M e d i u m
T h e  C e p h a m y c i n  A  a n d  B ( C A B )  m e d i u m  o f  S t a p l e y  e t  a l . , 
( 1 9 7 2 )  w a s  u s e d  f o r  g r o w t h  o f  c u l t u r e s  f r o m  f r o z e n  s t o c k  p r i o r  t o  
i n o c u l a t i o n  o f  f e r m e n t e r s . M O P S  ( 3  - [ M o p h o l i n o p r o p a n e s u l p h o n i c  
a c i d )  w a s  i n c l u d e d  t o  i m p r o v e  b u f f e r i n g .  T h e  m e d i u m  b a s e  
c o n s i s t e d  o f  ( g . l ' 1 ) :  M O P S ,  2 0 . 9 ;  L - p r o l i n e ,  1 5 . 0 ;  g l y c e r o l ,
2 0 . 0 ;  s u c r o s e ,  2 . 5 ;  m o n o s o d i u m  g l u t a m a t e ,  1 . 5 ;  N a C l  0 . 5 ;  K 2 H P 0 4 , 
2 . 0 .  T h e s e  c o n s t i t u e n t s  w e r e  d i s s o l v e d  i n  9 0 0 m l  o f  d i s t i l l e d  
w a t e r ,  a d j u s t e d  t o  p H  6 . 5  w i t h  K O H  ( 1  M )  s o l u t i o n  a n d  m a d e  u p  t o  
1  l i t r e .  T h e  m e d i u m  w a s  a u t o c l a v e d  i n  5 0  m l  a m o u n t s  f o r  1 5  
m i n u t e s  a t  1 2 1 ° G .  I m m e d i a t e l y  b e f o r e  u s e  t h e  m e d i u m  w a s  c o m p l e t e d  
b y  a s e p t i c  a d d i t i o n  o f  ( m l . I ” 1 ) :  M g S O ^  ( 0 . 2 M ) ,  1 0 . 0 ;  C a C l 2  ( 0 . 0 2  
M ) , 1 0 . 0 ;  t r a c e  e l e m e n t s  m i x t u r e  ( C A B )  5 . 0 .
T ra c e  e le m e n ts  m ix t u r e  (CAB)  w a s  p r e p a r e d  f r o m  ( p e r  l i t r e ) :  H 2 S 0 4  
( 1  M ) ,  1 . 0  m l ;  Z n S 0 4 . 7 H 2 0 ,  0 . 8 6 1  g ;  M n S 0 4 . 4 H 2 0  g ,  0 . 2 2 3  g ;  H 3 B O 3 , 
0 . 0 6 2  g ;  C u S 0 4 . 5 H 2 0 ,  0 . 1 2 5  g ;  N a M o 0 4 . 4 H 2 0 ,  0 . 0 4 8  g ;  C o C l 2 . 6 H 2 0 ,
0 . 0 4 8  g ;  F e S 0 4 . 7 H 2 0 ,  1 . 8  g ;  K I ,  0 . 0 8 3  g .  T h e  s u l p h u r i c  a c i d  w a s  
m i x e d  w i t h  9 0 0 m l  o f  d i s t i l l e d  w a t e r  a n d  t h e  r e m a i n i n g  
c o n s t i t u e n t s  a d d e d  i n  t h e  o r d e r  s h o w n .  T h e  s o l u t i o n  w a s  m a d e  u p  
t o  1  l i t r e  a n d  f i l t e r  s t e r i l i s e d .
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2 . 1 . 2  P r o l i n e  C a r b o n - l im i t e d  Medium (PCL)
T h e  m e d i u m  u s e d  f o r  c a r b o n - l i m i t e d  c h e m o s t a t  e x p e r i m e n t s  w a s  
p r e p a r e d  a s  a  b a s e  c o n s i s t i n g  o f  ( p e r  l i t r e ) :  L - p r o l i n e ,  1 1 . 5 1  g ;  
K 2 H P O ^ ,  2 . 0 9  g ;  N a C l ,  0 . 5  g ;  H C 1  ( 3 5 %  v / v )  , 0 . 5  m l .  T h e  m e d i u m
w a s  a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  f o r  4 5  m i n  a t  1 2 1  ° C  a n d  w h e n  
c o o l ,  c o m p l e t e d  b y  a s e p t i c  a d d i t i o n  o f  ( m l . I - 1 ) :  M g S O ^  ( 2  M )  ,
1 . 0 ;  C a C l 2  ( 0 . 2  M ) , 1 . 0 ;  H C 1  ( 3 5 %  w / w ) , 1 . 5 ;  t r a c e  e l e m e n t s  ( K  & 
S f r e e )  1 . 0 .
2 , 1 . 3  P r o l i n e  G l y c e r o l  M e d i a
A  c o n s i d e r a b l e  n u m b e r  o f  m e d i a  i n c o r p o r a t i n g  p r o l i n e  a n d  
g l y c e r o l  w e r e  u s e d  i n  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s  d e s c r i b e d .  
T h r e e  b a s i c  v a r i a n t s  a r e  d e t a i l e d  b e l o w  a n d  a n y  d e p a r t u r e s  f r o m  
t h e s e  a r e  i n d i c a t e d  i n  c h a p t e r  3  a l o n g  w i t h  t h e  p r e s e n t a t i o n  o f  
r e s u l t s .
P r o l i n e  g l y c e r o l  medium No. 1 ( P G M 1 )  w a s  p r e p a r e d  a s  a  b a s e  
c o n s i s t i n g  o f  ( p e r  l i t r e ) :  M O P S ,  1 0 . 4 5  g ;  L - p r o l i n e ,  5 . 0 0  g ;
g l y c e r o l ,  5 . 0 0  g ;  K 2 H P 0 ^ ,  1 . 0 5  g ;  N a C l ,  0 . 5  g .  T h e  m e d i u m  w a s
a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  f o r  4 5  m i n  a t  1 2 1 ° C  a n d  w h e n  c o o l ,  
c o m p l e t e d  b y  a s e p t i c  a d d i t i o n  o f  ( m l . I ’ 1 ) :  M g S O ^  ( 2  M )  , 1 . 0 ;
C a C l 2  ( 0 . 2  M ) ,  1 . 0 ;  t r a c e  e l e m e n t s  ( K  & S f r e e )  1 . 0 .
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P r o l i n e  g l y c e r o l  medium No. 2 ( P G M 2 )  c o n s i s t e d  o f  ( p e r  l i t r e ) :  
M O P S ,  1 0 . 4 5  g ;  L - p r o l i n e ,  1 1 . 5 1  g ;  g l y c e r o l ,  2 3 . 0 3  g ;  K ^ H P O ^ ,
2 . 0 9  g ;  N a C l ,  0 . 5  g ;  E D T A ,  0 . 2 5  g ;  M g S 0 4  ( 2  M )  , 1 . 0  m l ;  C a C l 2
( 0 . 2  M )  , 1 . 0  m l ;  t r a c e  e l e m e n t s  ( K  &  S f r e e )  1 . 0  m l .  T h e  m e d i u m  
w a s  a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  f o r  4 5  m i n  a t  1 2 1 ° C .
P r o l i n e  g l y c e r o l  medium No. 3 ( P G M 3 )  w a s  p r e p a r e d  a s  a  b a s e  
c o n s i s t i n g  o f  ( p e r  l i t r e ) :  L - p r o l i n e ,  6 . 9 1  g ;  g l y c e r o l ,  9 . 2 1  g ;  
K 2 H P 0 4 , 2 . 0 9  g ;  N a C l ,  0 . 5  g ;  H C 1  ( 3 5 %  v / v )  , 0 . 3 9  m l .  T h e  m e d i u m  
w a s  a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  f o r  4 5  m i n  a t  1 2 1  ° C  a n d  w h e n  
c o o l ,  c o m p l e t e d  b y  a s e p t i c  a d d i t i o n  o f  ( m l . I " 3* ) :  M g S C fy  ( 2  M )  , 
1 . 0 ;  C a C l 2  ( 0 . 2  M )  , 1 . 0 ;  H C l  ( 3 5 %  w / w )  , 1 . 0 4 ;  t r a c e  e l e m e n t s
( K  & S f r e e )  1 . 0 .
2 . 1 . 4  G l u t a m a t e  G l y c e r o l  M e d i u m  ( G G M )
T h e  m e d i u m  u s e d  f o r  g l u t a m a t e - n i t r o g e n - l i m i t e d  c h e m o s t a t
1
e x p e r i m e n t s  c o n s i s t e d  o f  ( g . l  ) :  L - g l u t a m i c  a c i d ,  8 . 8 3 ;  
g l y c e r o l ,  9 . 2 1 ;  K 2 H P 0 4 , 2 . 0 9 ;  N a C l ,  0 . 5 .  T h e  m e d i u m  w a s
a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  f o r  4 5  m i n  a t  1 2 1 ° G  a n d  w h e n  c o o l ,
c o m p l e t e d  b y  a s e p t i c  a d d i t i o n  o f  ( m l .  I " ' 4' ) :  M g S C f y  ( 2  M )  , 1 . 0 ;
C a C l 2  ( 0 . 2  M ) ,  1 . 0 ;  t r a c e  e l e m e n t s  ( K  & S f r e e )  1 . 0 .
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2 . 1 . 5  2 - O x o - g l u t a r a t e  G l y c e r o l  A m m o n i a  M e d i u m  ( O G G A )
T h e  m e d i u m  u s e d  f o r  c h e m o s t a t  e x p e r i m e n t s  w h e r e  a m m o n i a  
n i t r o g e n  w a s  t h e  l i m i t i n g  n u t r i e n t  a n d  2 - o x o - g l u t a r a t e  a n d  
g l y c e r o l  w e r e  t h e  c a r b o n  s o u r c e s  c o n s i s t e d  o f  ( p e r  l i t r e ) :  2 - o x o -  
g l u t a r i c  a c i d  8 . 7 7 g ;  a m m o n i a  s o l u t i o n  ( S G  0 . 8 8 ) ,  3 . 3 2  m l ;  
g l y c e r o l ,  9 . 2 1  g ;  K 2 H P 0 4 , 2 . 0 9  g ;  N a C l ,  0 . 5  g ;  M g S 0 4  ( 2  M )  ,
1 . 0  m l ;  C a C l 2  ( 0 . 2  M ) , 1 . 0  m l ;  t r a c e  e l e m e n t s  ( K  &  S f r e e )
1 . 0  m l .  T h e  c o m p l e t e d  m e d i u m  w a s  f i l t e r  s t e r i l i s e d  b e f o r e  u s e .
2 . 1 . 6  G l y c e r o l  A m m o n i a  M e d i a
T h r e e  e x a m p l e s  o f  g l y c e r o l  a m m o n i a  m e d i a  w e r e  u s e d ,  
d i f f e r i n g  o n l y  i n  g l y c e r o l  c o n t e n t  i e .  4 0 0  m M , 2 0 0  mM a n d  1 6 0 m M .  
T h e  2 0 0  mM v e r s i o n  c o n s i s t e d  o f  ( p e r  l i t r e ) :  g l y c e r o l ,  1 8 . 4 2  g ;  
a m m o n i a  s o l u t i o n  ( 3 5 %  w / v ,  S G  0 . 8 8 ) ,  3 . 3 2  m l ;  K 2 H P 0 4 , 2 . 0 9  g ;  H C l  
( 3 5 %  v / v ) , 6 . 2 5  m l .  T h e  m e d i u m  w a s  a u t o c l a v e d  i n  2 0  l i t r e  a m o u n t s  
f o r  4 5  m i n  a t  1 2 1 ° C  a n d  w h e n  c o o l ,  c o m p l e t e d  b y  a s e p t i c  a d d i t i o n  
o f  ( m l . I " 1 ) :  M g S 0 4  ( 2  M ) , 1 . 0 ;  C a C l 2  ( 0 . 2  M ) , 1 . 0 ;  t r a c e  e l e m e n t s  
( K  &  S f r e e )  1 . 0 .  A b b r e v i a t e d  n a m e s  w e r e  d e v i s e d  w h i c h  i n d i c a t e d  
t h e  m o l a r  r a t i o s  o f  C : N  i n  t h e  m e d i a ,  h e n c e ,  C 8 / 1 ,  C 1 0 / 1 ,  C 2 0 / 1 .
2 . 1 . 7  T r a c e  S a l t s  S o l u t i o n  ( K  &  S  f r e e )
T h e  t r a c e  e l e m e n t s  m i x t u r e  u s e d  i n  a l l  m e d i a  e x c e p t  C A B  w a s  
p r e p a r e d  b y  m i x i n g  0 . 1  M s o l u t i o n s  o f  ( m l ) :  Z n C l 2 , 1 5 . 0 ;  M n C l 2 ,
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5 . 0 ;  H 3 B 0 3 , 5 . 0 ;  C u C l 2 , 2 . 5 ;  N a 2 M o 0 4 , 1 . 0 ;  C o C l 2 , 1 . 0 ;  F e C l 3 ,
3 2 . 5 ;  N a l ,  2 . 5 .  T h e  c o n s t i t u e n t s  w e r e  p i p e t t e d  i n t o  a  1 0 0  m l  
v o l u m e t r i c  f l a s k ,  m a d e  u p  t o  t h e  m a r k  w i t h  d i s t i l l e d  w a t e r  a n d  
t h e  c o m p l e t e d  m i x t u r e  f i l t e r  s t e r i l i s e d .  T h e  s o l u t i o n  w a s  a c i d i c  
a n d  a s  a  r e s u l t  a  s m a l l  a m o u n t  o f  f r e e  i o d i n e  w a s  n o r m a l l y  
l i b e r a t e d .
2 . 1 . 8  M e d i a  U s e d  f o r  S h a k e n  F l a s k  E x p e r i m e n t s
T h e  m e d i a  u s e d  f o r  s h a k e n  f l a s k  e x p e r i m e n t s  w e r e  b a s e d  u p o n  
t h o s e  d e s c r i b e d  i n  s e c t i o n s  2 . 1 . 2  t o  2 . 1 . 7 ,  m o d i f i e d  a s  f o l l o w s .  
M e d i a  n o t  n o r m a l l y  c o n t a i n i n g  M O P S  b u f f e r  w e r e  s u p p l e m e n t e d  w i t h  
M O P S  ( 5 0  m M ) . W h e r e  h y d r o c h l o r i c  a c i d  w a s  u s e d  t o  a c i d i f y  t h e  
m e d i u m  t h i s  w a s  o m i t t e d .  A l l  m e d i a  w e r e  a d j u s t e d  t o  p H  6 . 5  u s i n g  
H C l  ( 1  M )  o r  N a O H  ( 1  M )  a n d  d i s p e n s e d  i n  5 0  m l  a l i q u o t s  i n t o  
2 5 0  m l  E r l e n m e y e r  f l a s k s .  T h e  c o m p l e t e  2 - o x o - g l u t a r a t e  g l y c e r o l  
a m m o n i a  m e d i u m  w a s  f i l t e r  s t e r i l i s e d  b e f o r e  d i s p e n s i n g ,  w h i l e  t h e  
r e m a i n d e r  w e r e  a u t o c l a v e d  a t  1 2 1  ° C  f o r  1 5  m i n  a n d  c o m p l e t e d  b y  
a s e p t i c  a d d i t i o n s  m a d e  i m m e d i a t e l y  b e f o r e  u s e .
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2.2 Culture Storage and Preparation of Inocula
2 . 2 . 1  S p o r e  S u s p e n s i o n
A  f r e e z e  d r i e d  c u l t u r e  o f  S t re p to m y c e s  n o u r s e i  N C I B  8 5 9 3  w a s  
r e c o n s t i t u t e d  a n d  w h e n  f u l l y  r e c o v e r e d  s u b - c u l t u r e d  o n t o  s t a n d a r d  
m a l t - y e a s t  e x t r a c t  m e d i u m  i n  a  R o u x  b o t t l e .  W h e n  t h e  r e s u l t i n g  
c u l t u r e  w a s  s p o r u l a t i n g ,  t h e  s p o r e s  w e r e  h a r v e s t e d  i n t o  1 0 % 
g l y c e r o l  c o n t a i n i n g  0 . 0 1 %  T w e e n  8 0 .  S m a l l  p l a s t i c  s t r a w s  w e r e  
f i l l e d  w i t h  0 . 5 m l  o f  s u s p e n s i o n  a n d  s t o r e d  o v e r  l i q u i d  n i t r o g e n .
fi - 1
A  w o r k i n g  s t o c k  s u s p e n s i o n  o f  1 0  s p o r e s . m l "  i n  g l y c e r o l / T w e e n  
w a s  p r e p a r e d  b y  d i l u t i o n  o f  t h e  c o n t e n t s  o f  a  s t r a w .  T h e  w o r k i n g  
s u s p e n s i o n  w a s  s t o r e d  a t  - 2 0 ° C  i n  2  m l  v o l u m e s  u n t i l  r e q u i r e d .
2 . 2 . 2  S e e d  C u l t u r e s
E r l e n m e y e r  f l a s k s  ( 2 5 0  m l )  c o n t a i n i n g  5 0  m l  o f  m e d i u m  w e r e  
i n o c u l a t e d  w i t h  1  m l  o f  s p o r e  s u s p e n s i o n  a n d  i n c u b a t e d  a t  2 8  ° C  o n  
a n  o r b i t a l  s h a k e r  r u n n i n g  a t  2 5 0  r . p . m .  ( 5 0  mm t h r o w ) .  A f t e r  3 
d a y s  t h e  c o n t e n t s  o f  t h e  f l a s k s  w e r e  p o o l e d  a n d  a  s a m p l e  r e m o v e d  
f o r  d r y  w e i g h t  d e t e r m i n a t i o n .  T h e  c e l l s  f r o m  t h e  r e m a i n i n g  l i q u i d  
w e r e  c o l l e c t e d  b y  c e n t r i f u g a t i o n  ( 4 0 0 0  g ,  1 0  m i n ) , r e s u s p e n d e d  i n  
w a t e r ,  c e n t r i f u g e d  a n d  f i n a l l y  m a d e  u p  t o  t h e  o r i g i n a l  v o l u m e  
w i t h  w a t e r .  T h e  d r y  w e i g h t  o f  t h e  f i n a l  s u s p e n s i o n  w a s  a s s u m e d  t o  
b e  c l o s e  t o  t h a t  o f  t h e  o r i g i n a l  c u l t u r e  b r o t h .
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2.3 Fermentation Equipment and Techniques
2 . 3 . 1  S h a k e n  F l a s k  C u l t u r e s
E r l e n m e y e r  f l a s k s  f i l l e d  t o  2 0 %  o f  t h e i r  n o m i n a l  c a p a c i t y  
w i t h  c u l t u r e  m e d i u m  w e r e  i n o c u l a t e d  w i t h  s u f f i c i e n t  w a s h e d  s e e d  
c u l t u r e  t o  p r o v i d e  a  s t a r t i n g  b i o m a s s  o f  0 . 1  g . l " 1 . T h e  f l a s k s  
w e r e  i n c u b a t e d  a t  2 8  ° C  o n  a n  o r b i t a l  s h a k e r  ( M o d e l  R C - 6 - U  P i l o t  
S h a k e ,  A d o l f  K i i h n e r  A G . ,  B a s e l ,  S w i t z e r l a n d )  r u n n i n g  a t  2 5 0  
r . p . m .  ( 5 0  mm t h r o w ) .
2 . 3 . 2  D e s c r i p t i o n  o f  t h e  F e r m e n t e r s
A  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  f e r m e n t e r  c o n f i g u r a t i o n  
n o r m a l l y  e m p l o y e d  f o r  c h e m o s t a t  w o r k  i s  s h o w n  i n  f i g u r e  2 - 1 .  A  5 
l i t r e  l a b o r a t o r y  f e r m e n t e r  ( 2 0 0 0  s e r i e s ,  L  H F e r m e n t a t i o n ,  S t o k e  
P o g e s ,  E n g l a n d )  e q u i p p e d  w i t h  a n a l o g u e  t e m p e r a t u r e ,  p H ,  f o a m  
c o n t r o l ,  d i s s o l v e d  o x y g e n  a n d  s t i r r e r  c o n t r o l  m o d u l e s  w a s  
n o r m a l l y  u s e d .  A  s m a l l  n u m b e r  o f  e x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  
a n  a l t e r n a t i v e  5  l i t r e  f e r m e n t e r  ( M i c r o f e r m  F e r m e n t e r ,  N e w  
B r u n s w i c k  S c i e n t i f i c  I n c . ,  E d i s o n ,  N . J . ,  U . S . A . ) .  T e m p e r a t u r e ,
p H ,  d i s s o l v e d  o x y g e n  t e n s i o n  a n d  s t i r r e r  s p e e d  o f  t h e  N e w  
B r u n s w i c k  f e r m e n t e r  w e r e  m o n i t o r e d  a n d  c o n t r o l l e d  b y  a  c o m p u t e r  
c o n t r o l  s y s t e m  ( M o d e l  H L 1 0 0 0 ,  H  L  C o n t r o l ,  5  D o v e r f i e l d  R o a d ,  
B u r p h a m ,  S u r r e y ,  E n g l a n d ) .  A n t i f o a m  a d d i t i o n s  w e r e  c o n t r o l l e d  
u s i n g  a  B i o l a b  a n t i f o a m  u n i t  ( T y p e  F T S  2 5 0 0 ,  F . T .  S c i e n t i f i c  
I n s t r u m e n t s  L t d . ,  B r e d o n ,  T e w k e s b u r y ,  G l o s . ,  E n g l a n d ) .
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T h e  a i r  s u p p l i e d  t o  t h e  f e r m e n t a t i o n  e q u i p m e n t  w a s  d r i e d  b y  
c o o l i n g  t o  - 4 0 ° C  a n d  d e l i v e r e d  a t  a m b i e n t  t e m p e r a t u r e  a f t e r  
r e g u l a t i o n  t o  1 . 7  b a r .  T h e  f l o w  o f  a i r  i n t o  t h e  f e r m e n t a t i o n  
v e s s e l  w a s  r e g u l a t e d  b y  m a s s  f l o w  m e t e r s  ( T y p e  5 8 1 1 ,  B r o o k e s  
I n s t r u m e n t  B V ,  V e e n e n d a a l ,  H o l l a n d )  s e t  t o  s u p p l y  a  n o m i n a l  
3  l . m i n - '4' u n d e r  a m b i e n t  c o n d i t i o n s .
E x h a u s t  Gas M o n i t o r i n g
T h e  e x h a u s t  g a s e s  f r o m  t h e  f e r m e n t e r  w e r e  l e d  t o  a  
m u l t i p l e x e r  u n i t  ( F i g u r e  2 - 2 )  d e s i g n e d  a n d  b u i l t  b y  G l a x o  G r o u p  
R e s e a r c h  L t d . , G r e e n f o r d ,  E n g l a n d .  T h e  s a m p l e  s t r e a m  
( 1 . 2  l . m i n " 3" )  w a s  f e d  t o  a n  I n f r a - r e d  c a r b o n  d i o x i d e  a n a l y s e r  
( A n a l y t i c a l  D e v e l o p m e n t  G o .  L t d . ,  H o d d e s d o n ,  E n g l a n d )  a n d  a  
p a r a m a g n e t i c  o x y g e n  a n a l y s e r  ( T y p e  O A .  1 8 4 ,  T a y l o r  S e r v o m e x  L t d . , 
C r o w b o r o u g h ,  E n g l a n d ) .  T h e  m u l t i p l e x e r  s a m p l e d  e a c h  g a s  s t r e a m  
f o r  3  m i n .  a n d  w a s  s e t  t o  c h e c k  t h e  r e a d i n g s  f o r  s u p p l y  a i r  
h o u r l y ,  c o r r e c t i n g  s u b s e q u e n t  r e a d i n g s  f o r  d r i f t  a s  n e c e s s a r y .  
N i t r o g e n ,  a n d  5%  c a r b o n  d i o x i d e  i n  n i t r o g e n  c o u l d  b e  s u p p l i e d  v i a  
t h e  m u l t i p l e x e r  f o r  f u l l  m a n u a l  c a l i b r a t i o n  o f  t h e  g a s  a n a l y s e r s .  
R e a d i n g s  f r o m  t h e  a n a l y s e r s  w e r e  h e l d  b y  t h e  m u l t i p l e x e r  c o n t r o l  
u n i t  a n d  c o r r e c t e d  r e a d i n g s  f e d  b a c k  t o  t h e  a p p r o p r i a t e  f e r m e n t e r  
u n i t s  f o r  l o c a l  d i s p l a y .
A  c a r e f u l  e v a l u a t i o n  o f  t h e  g a s  a n a l y s i s  a p p a r a t u s  f i t t e d  t o  
t h e  f e r m e n t e r s  r e v e a l e d  t h a t  c o n s i d e r a b l e  e r r o r s  w e r e  i n t r o d u c e d  
i n t o  t h e  o x y g e n  c o n s u m p t i o n  f i g u r e s  b y  t h e  p r e s e n c e  o f  w a t e r  
v a p o u r .  T h e  o n l y  w a t e r  v a p o u r  c o m p e n s a t i o n  w h i c h  c o u l d  b e  a p p l i e d  
t o  a l l  o f  t h e  a v a i l a b l e  d a t a  w a s  t o  d e t e r m i n e  i t s  a p p a r e n t
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p a r t i a l  p r e s s u r e  f r o m  t h e  a n a l y s e r  e r r o r  a t  t h e  s t a r t  o f  t h e  
e x p e r i m e n t  a n d  u s e  t h i s  f i g u r e  t o  a p p l y  a  c o r r e c t i o n  t o  a l l  
s u b s e q u e n t  o x y g e n  r e a d i n g s .  A  r e l a t i v e  h u m i d i t y  s e n s o r  f i t t e d  
l a t e r  i n  t h e  e x p e r i m e n t a l  s e r i e s  c o n f i r m e d  t h a t  t h e  w a t e r  v a p o u r  
c o n t e n t  o f  t h e  e x i t  a i r  d i d  n o t  n o r m a l l y  c h a n g e  d u r i n g  t h e  c o u r s e  
o f  t h e  e x p e r i m e n t .
C om pu te r D a ta  L o g g in g
S i g n a l s  f r o m  t h e  t e m p e r a t u r e ,  p H ,  d i s s o l v e d  o x y g e n ,  f o a m  a n d  
s t i r r e r  s p e e d  u n i t s ,  a l o n g  w i t h  t h o s e  f r o m  t h e  m a s s  f l o w  m e t e r s ,  
g a s  a n a l y s e r s  a n d  a n  e l e c t r o n i c  b a r o m e t e r  w e r e  c o n t i n u a l l y  
m o n i t o r e d  b y  Z 8 0  b a s e d  m i c r o  c o m p u t e r s  d e s i g n e d  f o r  t h e  p u r p o s e  
b y  G l a x o  D e v e l o p m e n t  C o m p u t i n g  D e p t ,  a n d  s i t e d  o n  t o p  o f  e a c h  
f e r m e n t e r .  T h e  c u r r e n t  r e a d i n g s  w e r e  s t o r e d  a t  1 0  m i n .  i n t e r v a l s  
i n  t h e  c o m p u t e r s  a n d  c o u l d  b e  h e l d  f o r  u p  t o  4  d a y s .  D e r i v e d  
v a r i a b l e s ,  s u c h  a s  c a r b o n  d i o x i d e  p r o d u c t i o n  a n d  o x y g e n  
c o n s u m p t i o n  r a t e s , w e r e  i m m e d i a t e l y  c a l c u l a t e d  a n d  c o u l d  b e  r e a d  
a l o n g  w i t h  t h e  r a w  d a t a  a t  a  s u p e r v i s o r  Z 8 0  c o m p u t e r  t e r m i n a l  
( F i g u r e  2 - 3 ) .  T h e  s u p e r v i s o r  c o m p u t e r  w a s  n o r m a l l y  s e t  t o  c o l l e c t  
s t o r e d  d a t a  f r o m  a l l  o p e r a t i o n a l  f e r m e n t e r s  a t  4  h r  i n t e r v a l s  a n d  
t r a n s f e r  t h e  i n f o r m a t i o n  t o  f l o p p y  d i s c  f i l e s .  O n c e  t h e  r e a d i n g s  
w e r e  s a f e l y  f i l e d  t h e  s t o r a g e  s p a c e  i n  t h e  i n d i v i d u a l  f e r m e n t e r  
c o m p u t e r s  w a s  f r e e d  f o r  s u b s e q u e n t  r e a d i n g s .
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T h e  H L 1 0 0 0  c o m p u t e r  f i t t e d  t o  t h e  N e w  B r u n s w i c k  f e r m e n t e r  
w a s  a b l e  t o  l o g  t h e  d a t a  i n  a  s i m i l a r  f a s h i o n  t o  t h e  Z 8 0  u n i t s .  
R e a d i n g s  w e r e  p a s s e d  v i a  a  p r i n t e r  b u f f e r  t o  a n  O l i v e t t i  M 2 4  
p e r s o n a l  c o m p u t e r  ( O l i v e t t i ,  I t a l y )  f o r  s t o r a g e .  B a r o m e t r i c  
p r e s s u r e  d a t a  w e r e  n o t  c o l l e c t e d  b y  t h i s  s y s t e m  a n d  d e r i v e d  
v a r i a b l e s  w e r e  n o t  c a l c u l a t e d  b y  t h e  H L 1 0 0 0  c o m p u t e r .  
C a l c u l a t i o n s  o f  d e r i v e d  v a r i a b l e s  w e r e  n o r m a l l y  p e r f o r m e d  b y  
s a m p l i n g  t h e  r a w  d a t a  h e l d  b y  t h e  O l i v e t t i  M 2 4  a n d  e n t e r i n g  t h e  
v a l u e s  i n t o  a  s p r e a d s h e e t  p r o g r a m m e  ( L o t u s  S y m p h o n y ,  L o t u s  
D e v e l o p m e n t  C o r p o r a t i o n  ( U K )  L t d . ,  C o n s o r t  H o u s e ,  V i c t o r i a  S t . ,  
W i n d s o r ,  B e r k s . ) .
2 . 3 . 3  B a t c h  C u l t u r e  C o n d i t i o n s
A  f e r m e n t e r  c o n t a i n i n g  3  1  o f  w a t e r  a n d  e q u i p p e d  w i t h  p H  a n d
d i s s o l v e d  o x y g e n  e l e c t r o d e s  w a s  a u t o c l a v e d  a t  1 2 1 0 C f o r  3 0 m i n .
W h e n  c o o l  t h e  f e r m e n t e r  w a s  i n s t a l l e d  i n  i t s  f r a m e  a n d  t h e
i n s t r u m e n t a t i o n  c o n n e c t e d .  T h e  w a t e r  w a s  r e m o v e d  a n d  r e p l a c e d
w i t h  3  1  o f  c o m p l e t e  m e d i u m  d r a w n  f r o m  a  2 0  l i t r e  r e s e r v o i r .  T h e
1
c o n t r o l  s y s t e m s  w e r e  s e t  t o  d e l i v e r  a i r  a t  3  l . m i n  , m a i n t a i n  a  
t e m p e r a t u r e  o f  2 8 ° C  a n d  a  s t i r r e r  s p e e d  o f  1 0 0 0  r . p . m .  M e d i u m  p H  
w a s  m a i n t a i n e d  a t  6 . 5  u s i n g  N a O H  ( 2 M )  a n d  H G 1  ( 1 M )  a s  t i t r a n t s .  
T h e  f o a m  c o n t r o l  s y s t e m  i n j e c t e d  D o w  C o r n i n g  a n t i f o a m  1 5 2 0  
( H o p k i n  &  W i l l i a m s ,  C h a d w e l l  H e a t h ,  E s s e x ,  E n g l a n d )  w h e n  f o a m  w a s  
d e t e c t e d  5 0  mm a b o v e  t h e  l i q u i d  l e v e l .  W h e n  c o n d i t i o n s  w e r e  
s t a b l e  s e e d  s u s p e n s i o n  w a s  i n j e c t e d  t o  g i v e  a  f i n a l  i n o c u l u m  
c o n c e n t r a t i o n  o f  0 . 1  g  d r y  w e i g h t  p e r  l i t r e .
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2 . 3 . 4  C o n t in u o u s  C u ltu r e  C o n d i t io n s
A f t e r  a b o u t  6 8  h o u r s  o f  b a t c h  g r o w t h  t h e  o v e r f l o w  w e i r  w a s  
a d j u s t e d  t o  m a i n t a i n  t h e  v o l u m e  a t  3  L  a n d  m e d i u m  w a s  p u m p e d  i n  
f r o m  t h e  r e s e r v o i r  t o  g i v e  t h e  c h o s e n  d i l u t i o n  r a t e  ( n o r m a l l y  
0 . 0 5  h r  ^ ) . T h e  a n t i f o a m  c o n t r o l l e r  w a s  r e s e t  t o  a  t i m e d  d o s i n g  
s c h e d u l e  w h i c h  w a s  a d j u s t e d  i n  a c c o r d a n c e  w i t h  t h e  d i l u t i o n  r a t e  
a n d  c u l t u r e  f o a m  g e n e r a t i o n .
A l l  d i r e c t l y  r e a d a b l e  p a r a m e t e r s  a n d  v a l u e s  w e r e  r e c o r d e d  
e v e r y  1 0  m i n  b y  t h e  c o m p u t e r  l o g g e r .  S a m p l e s  w e r e  r e m o v e d  a t  
i n t e r v a l s  f o r  c o m p r e h e n s i v e  a n a l y s i s .
S t e a d y - S ta t e  R ead ings
T h e  p r e f e r r e d  s c h e m e  f o r  o b t a i n i n g  s t e a d y  s t a t e  s a m p l e s  w a s  
t o  p a s s  a t  l e a s t  3  f e r m e n t e r  v o l u m e s  ( 5  a t  h i g h  d i l u t i o n  r a t e s )  
o f  m e d i u m  t h r o u g h  t h e  c h e m o s t a t  t o  a l l o w  t h e  c u l t u r e  t o  
e q u i l i b r a t e .  A t  t h i s  p o i n t ,  t h e  c u l t u r e  w a s  s a m p l e d  a t  l e a s t  o n c e  
a  d a y  f o r  t h e  n e x t  3  d a y s  o r  u n t i l  n y s t a t i n  l e v e l s  w e r e  s t a b l e .
I n l e t  Medium F lo w  R a te
T h e  f l o w  o f  m e d i u m  i n t o  t h e  f e r m e n t e r  w a s  m e a s u r e d  b y  t i m i n g  
t h e  f l o w  o f  l i q u i d  f r o m  a  c a l i b r a t e d  a r m  ( 2 5  m l )  c o n n e c t e d  t o  t h e
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m e d i u m  i n l e t  l i n e  u p s t r e a m  o f  t h e  p u m p .  R e a d i n g s  f o r  f l o w  r a t e s  
g r e a t e r  t h a n  2 . 5  m l . m i n - 1  w e r e  d u p l i c a t e d  t o  i m p r o v e  a c c u r a c y .
M easurem ent o f  F e rm e n te r  Volume
T h e  c u l t u r e  v o l u m e  w a s  r e a d  f r o m  a  s c a l e  o n  t h e  s i d e  o f  t h e  
v e s s e l  a f t e r  s t o p p i n g  t h e  i m p e l l e r  a n d  a l l o w i n g  e n t r a i n e d  g a s  t o  
d i s p e r s e .  T h i s  r e a d i n g  w a s  t a k e n  o n l y  a f t e r  a l l  o t h e r  s t e a d y -  
s t a t e  m e a s u r e m e n t s  h a d  b e e n  m a d e .
E s t im a t i o n  o f  Hmax
T h e  m a x i m u m  s p e c i f i c  g r o w t h  r a t e  u n d e r  b a t c h  c u l t u r e  
c o n d i t i o n s  w a s  e s t i m a t e d  f r o m  l o g a r i t m i c  p l o t s  o f  t c o 2 1 r e a d  
a g a i n s t  t i m e .  T h e  g r a p h i c a l  p r e s e n t a t i o n  w a s  i n s p e c t e d  a n d  a  
s e c t i o n  c o v e r i n g  s e v e r a l  h o u r s  a n d  d i s p l a y i n g  t h e  s t e e p e s t  
g r a d i e n t  w a s  u s e d  t o  e s t i m a t e
IuclX
S i n c e : -
I n  x  =  I n  x Q + [ i t  ( P i r t ,  1 9 7 5 )
i f  i t  a s s u m e d  t h a t  [ (- ' ® 2 1 r e a d  P r o p o r t i o n a l  t o  b i o m a s s
c o n c e n t r a t i o n  t h e n  t h e  g r a d i e n t  m a y  b e  t a k e n  a s  M m a x -
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Estimation of Fmax Following Washout
E x p e r i m e n t s  w i t h  m a g n e s i u m - l i m i t e d  c u l t u r e s  i n v o l v e d  
d e t e r m i n a t i o n s  o f  M m a x  f o r  c u l t u r e s  g r o w i n g  i n  a  c h e m o s t a t .  T h e  
p r o c e d u r e  a d o p t e d  w a s  t o  i n c r e a s e  D t o  0 . 2  h r - 1  a n d  m o n i t o r  
t h e  d e c r e a s e  i n  b i o m a s s  w i t h  t i m e .  A  r a n g i n g  e s t i m a t e  w a s  
o b t a i n e d  f r o m : -
l n  x  =  (/x -  D ) t  +  I n  x Q ( P i r t ,  1 9 7 5 )
T h e  t r a n s i t i o n  t o  m a x i m u m  g r o w t h  r a t e  t o o k  s e v e r a l  h o u r s  a n d  
t h u s  t h e  f i r s t  r e a d i n g  u n d e r e s t i m a t e d  f f m a x - T h e  f i n a l  e s t i m a t e  
w a s  m a d e  a f t e r  r e d u c i n g  D t o  a p p r o x i m a t e l y  1 / 2  t h e  v a l u e  o b t a i n e d  
i n  t h e  w a s h o u t  p h a s e .  T h e  s u b s e q u e n t  i n c r e a s e  o f  I n  x  w i t h  t i m e  
w a s  p l o t t e d  a n d  M m a x  e s t i m a t e d  f r o m : -
# m a x  =  ( l n  x  "  l n  x o >  ' 1'/ t  + D
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2.4 Analytical Procedures
2 . 4 . 1  S o l v e n t  E x t r a c t i o n  o f  A n t i b i o t i c s
W h o l e  b r o t h  ( 1  m l )  w a s  m i x e d  w i t h  a n  e q u a l  v o l u m e  o f  
s o l v e n t ,  s h a k e n  f o r  3 0  s e c o n d s  o n  a  v o r t e x  m i x e r  a n d  c e n t r i f u g e d  
a t  1 0 , 0 0 0  g  f o r  3 0  s e c o n d s  t o  s e p a r a t e  t h e  t w o  l a y e r s .  T h e  
s o l v e n t  l a y e r  w a s  c o l l e c t e d  a n d  t h e  a q u e o u s  l a y e r  e x t r a c t e d  w i t h  
t w o  m o r e  a l i q u o t s  o f  s o l v e n t .  T h e  s o l v e n t  l a y e r s  w e r e  p o o l e d ,
d r i e d  d o w n  u n d e r  v a c u u m  a n d  s t o r e d  a t  - 2 0 ° C  u n t i l  r e q u i r e d  f o r
b i o a s s a y .  T h e  d r i e d  m a t e r i a l  w a s  r e d i s s o l v e d  i n  0 . 5  m l  o f
m e t h a n o l  a n d  m a d e  u p  t o  1  m l  w i t h  w a t e r  p r i o r  t o  b i o a s s a y .
D i l u t i o n s  o f  s t a n d a r d  a n t i b i o t i c s  a n d  s a m p l e s  w e r e  a l l  p r e p a r e d  
u s i n g  m e t h a n o l  i n  w a t e r  ( 5 0 %  v / v ) .
2 . 4 . 2  B i o a s s a y  o f  A n t i b i o t i c s
B u t a n o l  e x t r a c t s  o f  w h o l e  b r o t h  w e r e  a s s a y e d  f o r  n y s t a t i n  b y  
t h e  l a r g e  p l a t e  a g a r  d i f f u s i o n  m e t h o d  ( L e e s  a n d  T o o t i l l ,  1 9 5 5 )  
u s i n g  C an d id a  a l b i c a n s  C 1 7 2 6  a s  t h e  c h a l l e n g e  o r g a n i s m .  A n  8 x  8 
m a t r i x  o f  w e l l s  w a s  u s e d  a n d  n o r m a l l y  1 2  s a m p l e s  a n d  4  s t a n d a r d s  
w e r e  l o a d e d  i n t o  t h e  w e l l s  i n  a  q u a s i  l a t i n  s q u a r e  d e s i g n .  T h e  
e s t i m a t e s  o f  p o t e n c y  w e r e  m a d e  u s i n g  a  c o m p u t e r  p r o g r a m m e  w h i c h  
r e a d  o f f  s a m p l e  v a l u e s  f r o m  a  s t r a i g h t  l i n e  o r  s i m p l e  c u r v e  
f i t t e d  t o  t h e  s t a n d a r d  r e a d i n g s
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E t h y l  a c e t a t e  e x t r a c t s  w e r e  s i m i l a r l y  a s s a y e d  f o r  c y c l o -  
h e x i m i d e  u s i n g  S a c c h a r o m y c e s  c a r l s b e r g e n s  i s  C 1 7 3 8  a s  t h e  
c h a l l e n g e  o r g a n i s m .  A l t h o u g h  t h i s  o r g a n i s m  w a s  s e n s i t i v e  
c y c l o h e x i m i d e  a n d  n y s t a t i n ,  t h e  l a t t e r  w a s  n o r m a l l y  e x c l u d e d  a t  
t h e  s o l v e n t  e x t r a c t i o n  s t a g e .  C y c l o h e x i m i d e  s t a n d a r d s  p r o d u c e d  
z o n e s  w i t h  p o o r l y  d e f i n e d  e d g e s  c o n t r a s t i n g  w i t h  t h e  s h a r p l y  
d e f i n e d  z o n e s  o f  n y s t a t i n .  A n y  s a m p l e s  p r o d u c i n g  w e l l  d e f i n e d  
z o n e s  w e r e  t e s t e d  f o r  t h e  p r e s e n c e  o f  n y s t a t i n  b y  t h i n  l a y e r  
c h r o m a t o g r a p h y .
2 . 4 . 3  T h i n - l a y e r  C h r o m a t o g r a p h y  o f  A n t i b i o t i c  M i x t u r e s
S i l i c a  g e l  6 0  F 2 3 4  p l a t e s  ( M e r c k )  w e r e  u s e d  w i t h  m e t h a n o l  
p r o p a n - l - o l  a c e t i c  a c i d  ( 9 0 : 1 0 : 1 )  a s  t h e  m o b i l e  p h a s e .  A f t e r  
d e v e l o p m e n t  t h e  p l a t e s  w e r e  v i e w e d  u n d e r  U V  l i g h t .  A n y  s p o t s  
w h i c h  w e r e  v i s i b l e  w e r e  m a r k e d  f o r  f u t u r e  r e f e r e n c e .  S p o t s  h a v i n g  
a n t i f u n g a l  a c t i v i t y  w e r e  v i s u a l i s e d  b y  o v e r l a y i n g  w i t h  g l u c o s e  
n u t r i e n t  a g a r  c o n t a i n i n g  8 0  m g . I ’ 1  M T T  ( 3 - [ 4 , 5 - D i m e t h y l t h i a z o l - 2 -  
y l ] -  2 , 5 - d i p h e n y l t e t r a z o l i u m  b r o m i d e )  a n d  i n o c u l a t e d  w i t h  a n  
i n d i c a t o r  o r g a n i s m .  P l a t e s  i n o c u l a t e d  w i t h  Saccharom yces  w e r e  
p l a c e d  a t  2 8 ° C ,  C and ida  p l a t e s  a t  3 7 ° C .  A f t e r  1 8 - 2 4  h o u r s  
i n c u b a t i o n  t h e  p l a t e s  w e r e  e x a m i n e d  f o r  z o n e s  o f  i n h i b i t i o n .
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2 . 4 . 4  S p e c t r o p h o t o m e t r i c  A s s a y  o f  N y s t a t in
N y s t a t i n  w a s  d i s s o l v e d  i n  m e t h a n o l  a n d  d i l u t e d  t o  g i v e  a  
s e r i e s  o f  c o n c e n t r a t i o n s  i n  t h e  r a n g e  0 - 2 0  m g . l - '4' .  T h e  o p t i c a l  
d e n s i t y  a t  3 0 3  n m  w a s  m e a s u r e d  f o r  e a c h  o f  t h e  s o l u t i o n s ,  u s i n g  
a n  u l t r a v i o l e t  s p e c t r o p h o t o m e t e r  ( M o d e l  L a m b d a  7 ,  P e r l c i n - E l m e r  
L t d . , B e a c o n s f i e l d ,  E n g l a n d ) , a n d  p l o t t e d  a g a i n s t  c o n c e n t r a t i o n .  
S o l v e n t  e x t r a c t s  o f  f e r m e n t e r  s a m p l e s  w e r e  m a d e  u p  t o  2 5  m l  w i t h  
m e t h a n o l  a n d ,  a f t e r  m e a s u r e m e n t  o f  A 3 Q 3 , e s t i m a t e s  o f  n y s t a t i n  
c o n c e n t r a t i o n  w e r e  d e r i v e d  b y  r e f e r e n c e  t o  t h e  s t a n d a r d  c u r v e .
2 . 4 . 5  D r y  W e i g h t  D e t e r m i n a t i o n s
G l a s s  f i b r e  f i l t e r  d i s c s  ( T y p e  G F / B  7 0  mm d i a m . , W h a t m a n  
L a b s a l e s  L t d . ,  U n i t  1  C o l d r e d  R d ,  M a i d s t o n e ,  E n g l a n d )  w e r e  d r i e d  
f o r  5  m i n u t e s  i n  a  m i c r o w a v e  o v e n  t h e n  i m m e d i a t e l y  w e i g h e d .  T h e  
f i l t e r s  w e r e  f i t t e d  i n t o  a  6 0  mm d i a m e t e r  B u c h n e r  f u n n e l  s o  t h a t  
a  r a i s e d  e d g e  w a s  f o r m e d .  T h e  c e l l s  f r o m  1 0  m l  o f  b r o t h  w e r e  
c o l l e c t e d  o n  t h e s e  f i l t e r s  b y  v a c u u m  f i l t r a t i o n  a n d  b o t h  c e l l s  
a n d  f i l t e r  w e r e  r i n s e d  w i t h  d i s t i l l e d  w a t e r .  T h e  f i l t e r s  w e r e  
d r i e d  f o r  a  f u r t h e r  1 5  m i n  a n d  r e - w e i g h e d .  D e t e r m i n a t i o n s  w e r e  
c a r r i e d  o u t  i n  d u p l i c a t e .
A  s e c o n d  f i g u r e  f o r  d r y  w e i g h t  w a s  a l s o  a v a i l a b l e  a s  a  
r e s u l t  o f  t h e  f r e e z e  d r y i n g  o f  c e l l s  f o r  CHN d e t e r m i n a t i o n s .
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2 . 4 . 6  M ic r o a n a l y s i s  f o r  C a rb o n , H y d rog en  and N it r o g e n  C o n te n t
C a r b o n  h y d r o g e n  a n d  n i t r o g e n  c o n t e n t  o f  s a m p l e s  w a s
d e t e r m i n e d  b y  c o m b u s t i o n  i n  a  s t r e a m  o f  o x y g e n .  C e l l s  a n d
f i l t r a t e  w e r e  a n a l y s e d  s e p a r a t e l y .
T h e  c e l l s  f r o m  2 0  m l  o f  b r o t h  w e r e  c o l l e c t e d  b y  
c e n t r i f u g a t i o n  ( 4 0 0 0  g ,  1 0  m i n )  i n  a  p r e - w e i g h e d  b o t t l e ,  w a s h e d  
w i t h  w a t e r ,  s p u n  d o w n  a g a i n  a n d  f r e e z e  d r i e d .  T h e  b o t t l e  w a s  r e -  
w e i g h e d  a n d  t h e  w e i g h t  o f  t h e  d r i e d  c e l l s  c a l c u l a t e d .  C u l t u r e  
f i l t r a t e  ( 1  m l )  w a s  p l a c e d  i n  a  p r e - w e i g h e d  g l a s s  v i a l  a n d  
t r e a t e d  w i t h  4  d r o p s  o f  1  M s o d i u m  h y d r o x i d e  s o l u t i o n  t o  t r a p  a n y  
v o l a t i l e  a c i d s .  T h e  f i l t r a t e  w a s  a l s o  f r e e z e - d r i e d  a n d  t h e  w e i g h t  
o f  t h e  r e s i d u e  c a l c u l a t e d  a f t e r  a g a i n  w e i g h i n g  t h e  v i a l .  
P r e c i s e l y  w e i g h e d  p o r t i o n s  ( 2  m g )  o f  t h e  f r e e z e - d r i e d  m a t e r i a l s  
w e r e  c o m b u s t e d  t o  p r o v i d e  t h e  a n a l y t i c a l  d a t a .  T h e  d i s t r i b u t i o n  
o f  C ,  H ,  a n d  N b e t w e e n  c e l l s  a n d  f i l t r a t e  i n  t h e  f e r m e n t a t i o n  
b r o t h  w a s  c a l c u l a t e d  b y  r e l a t i n g  t h e  p e r c e n t a g e s  f o u n d  i n  t h e  
d r i e d  m a t e r i a l s  a n d  t h e i r  w e i g h t ,  t o  t h e  v o l u m e  b e f o r e  d r y i n g .
2 . 4 . 7  M e a s u r e m e n t  o f  P r o l i n e  C o n c e n t r a t i o n
E s t i m a t e s  o f  p r o l i n e  c o n t e n t  w e r e  c a r r i e d  o u t  a s  a  t w o  s t a g e
p r o c e s s  t o  m i n i m i s e  t h e  a m o u n t  o f  a m i n o  a c i d  a n a l y s e r  t i m e
r e q u i r e d .  S a m p l e s  f r o m  p r o l i n e  -  c a r b o n -  o r  p r o l i n e - n i t r o g e n -  
l i m i t e d  c u l t u r e s  w e r e  n o t  e x p e c t e d  t o  c o n t a i n  m u c h  p r o l i n e  e x c e p t  
w h e n  t h e  c u l t u r e  w a s  n e a r  t o  i t s  m a x i m u m  s p e c i f i c  g r o w t h  r a t e .
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B a s e d  o n  t h i s  p r e m i s e  a  s i m p l e  T L C  m e t h o d  u s e d  b y  C o c k e r  ( 1 9 7 2 )  
w a s  a d o p t e d  a s  a  p r e l i m i n a r y  a s s a y .  S a m p l e s  w h i c h  c o n t a i n e d  
p r o l i n e  w e r e  t h e n  s u b m i t t e d  f o r  a s s a y  b y  G L C  o r ,  a f t e r  
d e p r o t e i n a t i o n  w i t h  5 - s u l p h o s a l y c y l i c  a c i d  ( M o n d i n o  e t  a l . ,  1 9 7 2 )  
b y  a n  H P L C  b a s e d  a m i n o  a c i d  a n a l y s e r .
2 . 4 . 8  E s t i m a t i o n  o f  P r o t e i n
T h e  d y e  b i n d i n g  a s s a y  o f  B r a d f o r d  ( 1 9 7 6 )  w a s  u s e d  f o r  
e s t i m a t i o n  o f  p r o t e i n .
2 . 4 . 9  D e t e r m i n a t i o n  o f  P y r u v a t e  a n d  G l y c e r o l  i n  C u l t u r e  F i l t r a t e s
R e a d i n g s  o f  g l y c e r o l  a n d  p y r u v a t e  w e r e  i n i t i a l l y  e s t i m a t e d  
u s i n g  a  c o m m e r c i a l l y  a v a i l a b l e  g l y c e r o l  a s s a y  k i t .  A  l e s s  l a b o u r  
i n t e n s i v e  a u t o a n a l y s e r  m e t h o d  w a s  u s e d  f o r  t h e  m a j o r i t y  o f  t h e  
g l y c e r o l  a s s a y s .
Enzyme Based A ssa y  f o r  G l y c e r o l  and P y r u v a te
R e a g e n t s  w e r e  o b t a i n e d  a s  p a r t  o f  a  g l y c e r o l  a s s a y  k i t  ( C a t  
n o .  1 4 8 2 7 0  B o e h r i n g e r  M a n n h e i m  G m b H ,  G e r m a n y ) .  T h e  k i t  a s  
s u p p l i e d  u s e d  t h r e e  e n z y m e s  t o  c o u p l e  g l y c e r o l  t o  t h e  o x i d a t i o n  
o f  N A D H  t o  N A D +  p r o d u c i n g  a  c h a n g e  i n  A ^ 4 q  p r o p o r t i o n a l  t o  t h e  
g l y c e r o l  c o n c e n t r a t i o n  ( E g g s t e i n  a n d  K u h l m a n n ,  1 9 7 4 ) .
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G K
G l y c e r o l  +  A T P  ------- >  g l y c e r o l - 3 - p h o s p h a t e  +  A D P
P K
A D P  +  P E P  -------->  A T P  +  p y r u v a t e
L D H
p y r u v a t e  +  N A D H  +  H+  -------->  l a c t a t e  +  N A D +
T h e  m e t h o d  w a s  m o d i f i e d  t o  i n c l u d e  a  p y r u v a t e  e s t i m a t i o n  b y  
m e a s u r i n g  N A D +  e v o l u t i o n  i n  t h e  a b s e n c e  o f  g l y c e r o l c i n a s e  ( G K )  .
S a m p l e s  w e r e  d i l u t e d  t o  c o n t a i n  0 . 3  t o  5  mM g l y c e r o l  a n d  
0 . 1  m l  a l i q u o t s  o f  d i l u t e d  m a t e r i a l ,  1 . 9  m l  o f  w a t e r  a n d  1  m l  o f  
r e a g e n t  1  (  b u f f e r e d  N A D H ,  A T P ,  P E P )  w e r e  m i x e d  i n  p l a s t i c  
c u v e t t e s .  T h e  c u v e t t e s  w e r e  a l l o w e d  t o  s t a n d  f o r  5  m i n ,  A ^ 4 q  r e a d  
a g a i n s t  a  w a t e r  b l a n k  a n d  0 . 0 1  m l  o f  r e a g e n t  2  ( p y r u v a t e  k i n a s e ,  
l a c t a t e  d e h y d r o g e n a s e )  a d d e d .  T h e  c u v e t t e s  w e r e  a l l o w e d  t o  s t a n d  
f o r  1 0  m i n  a n d  t w o  r e a d i n g s  o f  A - ^ q  t a k e n  1 0  m i n  a p a r t .  F i n a l l y  
0 . 0 1  m l  o f  r e a g e n t  3  ( g l y c e r o k i n a s e )  w e r e  a d d e d ,  a  f u r t h e r  1 0  m i n  
s t a n d i n g  t i m e  a l l o w e d  a n d  t w o  m o r e  r e a d i n g s  o f  A ^ 4 q  t a k e n  1 0  m i n  
a p a r t .
T h e  r e d u c t i o n  i n  N A D H  d u e  t o  t h e  a d d i t i o n  o f  r e a g e n t  2  w a s  
t a k e n  t o  r e p r e s e n t  c o n v e r s i o n  o f  p y r u v a t e  i n  t h e  s a m p l e .  
S i m i l a r l y  t h e  c h a n g e s  f o l l o w i n g  t h e  a d d i t i o n  o f  r e a g e n t  3  w e r e  
t a k e n  t o  i n d i c a t e  g l y c e r o l  c o n t e n t .  B a c k g r o u n d  r e a c t i o n s  w e r e  
a l l o w e d  f o r  b y  u s i n g  c h a n g e s  o v e r  t h e  1 0  m i n  i n t e r v a l s  t o  
e x t r a p o l a t e  t o  t h e  t i m e  o f  a d d i t i o n  o f  t h e  e n z y m e .  A n  e x t i n c t i o n
The s e q u e n c e  o f  r e a c t i o n s  was a s  f o l l o w s : -
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c o e f f i c i e n t  f o r  N A D H  o f  6 . 3  1 .  m m o l " 1 . c m " 1  w a s  u s e d  i n  t h e
c a l c u l a t i o n s .
E s t im a t i o n  o f  G l y c e r o l  i n  C u l t u r e  F i l t r a t e s  U s in g  an A u to a n a ly s e r
C o l o r i m e t r i c  a s s a y s  f o r  g l y c e r o l  w e r e  p e r f o r m e d  u s i n g  a  
T e c h n i c o n  a u t o a n a l y s e r  ( M o d e l  A A I I C ,  B r a n  a n d  L u b b e  ( G . B . )  L t d . ,  
B a s i n g s t o k e ,  E n g l a n d ) .  F o r m a l d e h y d e  f o r m e d  f r o m  g l y c e r o l  b y  
o x i d a t i o n  w i t h  p e r i o d a t e  a n d  a r s e n i t e  w a s  r e a c t e d  w i t h  
a c e t y l a c e t o n e  t o  p r o d u c e  a  y e l l o w  c o l o u r  w h i c h  w a s  m e a s u r e d  b y  
t h e  f l o w  c o l o r i m e t e r  o f  t h e  a n a l y s e r .
2 . 4 . 1 0  D e t e r m i n a t i o n  o f  A m m o n i a  i n  C u l t u r e  F i l t r a t e s
A n  e n z y m e  b a s e d  a s s a y  f o r  a m m o n i a  u s e d  i n  e a r l y  w o r k  w a s  
r e p l a c e d  b y  a n  a u t o a n a l y s e r  m e t h o d .  T h e  l a t t e r  m e t h o d  a p p e a r e d  t o  
b e  s u b j e c t  t o  i n t e r f e r e n c e  a n d  w a s  i n  t u r n  r e p l a c e d  b y  i o n  
c h r o m a t o g r a p h y  w h e n  t h i s  f a c i l i t y  b e c a m e  a v a i l a b l e .
Enzym ic  A ss a y  f o r  Ammonia
A  g l u t a m a t e  d e h y d r o g e n a s e  b a s e d  a m m o n i a  a s s a y  
1 7 0 - U V ,  S i g m a  C h e m i c a l  C o  L t d . ,  F a n c y  R o a d ,  P o o l e ,  
u s e d  a s  r e c o m m e n d e d  b y  t h e  m a n u f a c t u r e r s .
k i t  ( C a t  N o .  
E n g l a n d )  w a s
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Estimation of Ammonia in Culture Filtrates Using an Autoanalyser
A  T e c h n i c o n  a u t o a n a l y s e r  w a s  u s e d  t o  a s s a y  a m m o n i a  b y  t h e  
a l k a l i n e  p h e n a t e  /  h y p o c h l o r i t e  m e t h o d  ( R u s s e l l  1 9 4 4 )  a s  
r e c o m m e n d e d  b y  t h e  m a n u f a c t u r e r .
2 . 4 . 1 1  D e t e r m i n a t i o n  o f  P h o s p h a t e  i n  C u l t u r e  F i l t r a t e s .
T h e  m o l y b d a t e  m e t h o d  o f  F i s k e  a n d  S u b b a r r o w  ( 1 9 2 5 )  w a s  u s e d  
f o r  c o l o r i m e t r i c  a s s a y s  o f  p h o s p h a t e  e i t h e r  m a n u a l l y  o r  u s i n g  a  
T e c h n i c o n  a u t o a n a l y s e r .  T h e s e  m e t h o d s  w e r e  s u b s e q u e n t l y  r e p l a c e d  
b y  i o n  c h r o m a t o g r a p h y  w h e r e  p h o s p h a t e  c o u l d  b e  m e a s u r e d  i n  
c o n j u n c t i o n  w i t h  o t h e r  s t r o n g  a n i o n s .
2 . 4 . 1 2  I o n  C h r o m a t o g r a p h y
A n  i o n  c h r o m a t o g r a p h  ( M o d e l  2 0 0 0 1 ,  D i o n e x  [ U . K . ]  L t d . ,  
F a r n b o r o u g h ,  H a n t s . )  w a s  u s e d  w i t h  v a r i o u s  c o l u m n s  a n d  f i b r e  
s u p p r e s s o r s  f o r  e s t i m a t i o n  o f  a  n u m b e r  o f  i o n i c  s p e c i e s  i n  
f e r m e n t e r  f i l t r a t e s .  D e t e c t i o n  o f  t h e  s e p a r a t e d  i o n s  w a s  b y  
c o n d u c t i v i t y  a n d  e s t i m a t e s  o f  q u a n t i t y  w e r e  d e t e r m i n e d  f r o m  t h e  
p e a k  a r e a s  b y  a  T r i o  c o m p u t i n g  i n t e g r a t o r  ( T r i v e c t o r ,  S a n d y ,  
B e d s . ,  E n g l a n d )  u s i n g  m i x t u r e s  o f  t h e  i o n s  o f  i n t e r e s t  f o r  
r e f e r e n c e .
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S t r o n g  a n io n s  s u c h  a s  c h l o r i d e ,  p h o s p h a t e ,  s u l p h a t e ,  n i t r a t e
a n d  s o m e  d i c a r b o x y l i c  a c i d s  w e r e  s e p a r a t e d  a n d  e s t i m a t e d  u s i n g  a n
-  1
H P I C - A S 4 A  c o l u m n  e l u t e d  a t  2  m l . m i n "  w i t h  a n  b u f f e r  c o m p o s e d  o f  
( m M )  : N a H C O ^ ,  0 . 9 7 ;  N a C O ^ ,  1 . 7 6  i n  h i g h  p u r i t y  d e i o n i s e d  w a t e r .  A  
t y p e  A F S  1  s u p p r e s s o r  w a s  u s e d  a n d  s u p p l i e d  w i t h  a  s o l u t i o n  o f  
H 2 S 0 4  ( 1 2 . 5  mM) a t  a  f l o w  r a t e  o f  2 . 5  m l . m i n " 1 .
O rg a n ic  a c id s  i n c l u d i n g  f o r m a t e  a c e t a t e  p r o p i o n a t e  l a c t a t e  
a n d  s u c c i n a t e  c o u l d  b e  d e t e c t e d  u s i n g  a n  H P I C E - A S 1  c o l u m n  e l u t e d
j
w i t h  t r i d e c a f l u o r o h e p t a n o i c  a c i d  ( 1 . 1 2  mM ) a t  0 . 8  m l . m i n "  a n d  a  
t y p e  A F S  2  s u p p r e s s o r  s u p p l i e d  w i t h  2 . 5  m l . m i n " 1  o f  t e t r a b u t y l -  
a m m o n i u m  h y d r o x i d e  ( 5  m M ) .
M o n o v a le n t  c a t i o n s  s u c h  a s  a m m o n i u m  s o d i u m  a n d  p o t a s s i u m  
w e r e  s e p a r a t e d  a n d  e s t i m a t e d  u s i n g  a  H P I C - C S 2  c o l u m n  e l u t e d  w i t h  
H C 1  ( 5  mM ) a t  2  m l . m i n " 1  a n d  a  t y p e  C F S  s u p p r e s s o r  s u p p l i e d  w i t h
2 . 5  m l . m i n " 1  o f  t e t r a m e t h y 1 a m m o n i u m  h y d r o x i d e  ( 1 . 5  M ) .
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2.5.1 Computer calculations from on-line readings
A  number o f  calculations were performed by the computer dataloggers attached to the LH 
fermenters. The equations shown below represent the forms used by the computer and are presented 
in the sequence used.
Correction of exhaust gas concentrations fo r barometric pressure
1013.3
2.5 Calculations using fermentation data
[ C 0 J  = [ C D J , x -
P 0
1013.3 
~ Po
Exhaust gas flow rate (l.hr1)
The carbon dioxide analyser was set to read 0%  C 0 2 for supply air thus allowing the analyser 
output for exhaust air to represent a difference reading. Assuming that the gases nitrogen and argon 
are neither consumed nor produced in the fermenter, the outlet gas flow  was calculated from the 
inlet flow  by compensating for the carbon dioxide and oxygen content o f  the outlet stream:-
Since air contains 79.02% inert gases and 0.03%  C 0 2
and inert gases in the exhaust air form (% ):-
m oui = m -[C O J But- (2 0 .9 5 -m  J
then
G r :: 79'05
79.05- [ C O j^  + [OJout
Oxygen uptake rate (mmol.hr1)
The gross oxygen uptake rate for the biomass in the fermenter was calculated on-line without 
reference to the volume actually in the vessel. The value was corrected for the measured volume 
in subsequent calculations.
(p0 x 20.95) -  Go x (20.95 -  [GJoJ
62
. G0 x [COJ out 
Mco*~ 2.2415
Carbon dioxide production rate (mmol.hr1)
Respiration quotient (mol.motl)
G0 x [COJ,
RQ = Po x 20.95 — G0 x (20.95 -  [OJ )
2.5.2 Dilution rate (hr1)
2.5.3 Molar growth yields (g.mol1)
The yield o f  biomass per mole o f  substrate was calculated for a number o f  nutrients. Where 
ionic nutrients (eg phosphate, sulphate) were concerned molecular weight was replaced by the 
ionic weight.
Yield on oxygen (g.mot1)
The yield o f  biomass per mole o f  oxygen consumed was calculated for steady-state chemostat 
cultures using the equation:-
Yield on non-gaseous nutrients (g.mol1)
Y.,=-sr-s
2.5.4 Carbon recovery
The amount o f  carbon appearing as products o f  microbial activity was calculated as a 
percentage o f  the carbon supplied in the medium.
Recovered carbon dioxide (%)
Carbon recovered as cells (%)
Xpp x Cx 100
R‘ ‘ ^ r - X~c:
Carbon recovered in culture filtrate (%)
ZfflXC, 100R =-———x—- 12 Cr
Carbon recovered as substrates and identified products.
Residual nutrients (eg glycerol) were detected in some experiments and in others products 
o f  known structure were detected (eg 2-oxo-glutarate). Tlie general form o f  the equations used to 
calculate carbon recovery for these compounds was:-
Rp= p x C pnx ~ -
In the case o f  nystatin this reduced to:-
D  -  P  nystalin X  61
stalin r
2,5.5 Product yields
Carbon dioxide yield referred to biomass (mol.g1)
Qco7YCOjx = —r1 x V x D x  1000
Nystatin yield referred to biomass (mg.g'1)
y  P nystatin
nystatin -
2.5.6 Metabolic quotients
Specific oxygen consumption rate (mmol.g'fhr1)
M 0l
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Specific rate of consumption of a non-gaseous nutrient (mmoLg1.hr'1)
sr-s
q = —~—xDx
Specific carbon dioxide production rate (mmoUg'1.hr'1)
Mc(>2
4c02~ y
Specific rate o f formation of a non-gaseous product (mtnol.g1 .h rl)
A D A
ADP
ATP
C8/1, CIO/1, C20/1
CAB
Cr
Cn
Cx
C z
D
EDTA
F
G
G0
GGM
GK
A
LDH
In
log
M
M.co2
M0l
MOPS
M TT
N A D +, N ADH
O G G A
PCL
PEP
n-(2-Acetamido)iminodiacetic acid.
Adenosine-5 ’ -diphosphate.
Adenosine-S’ -triphosphate.
Absorbance at the wavelength (nm) indicated by the subscript. 
Glycerol ammonia media where n/1 represents the molar C /N  ratio o f  
the medium.
Cephamycin A  &  B medium (Stapley et al., 1977)
Concentration o f  carbon in the medium reservior (mM ).
Number o f  carbon atoms per molecule o f  a product (m M ).
Carbon content o f  dry biomass (% w /w).
Carbon content o f  freeze-dried culture filtrate (%  w /w ).
Dilution rate (hr *)
Ethylenediaminetetra-acetic acid 
Medium flow  rate (l .h f1)
Air inlet flow  rate (l.min *).
Outlet gas flow  (l.min'1).
Glutamate glycerol medium.
Glycerokinase.
Saturation constant 
Lactate dehydrogenase.
Logarithm to base e 
Logarithm to base 10 
Molarity (mole. I 1)
Gross carbon dioxide production rate, V.qC02 (mmol.hr-2)
Gross oxygen uptake rate, V.q0l (mmol.hr-7).
3-(N-Morpholino)propanesulphonicacid 
3-[4,5-Dimethylthiazol-2-yl]-2-5-diphenyltetrazolium bromide. 
Nicotinamide adenine dinucleotide, oxidised and reduced forms 
respectively
2-Oxo-glutarate, glycerol ammonia medium.
Proline-carbon-limited medium.
Phospho-enol-pyruvate.
2.6 Symbols and abbreviations
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P.Pa 
Po
PGM 1, PGM2, PGM3 
PK
PcOjQOz
+co2
RQ
RP,RS
Rx
R,
s
Sr
t
V 
v/v 
w /v 
w/w
X
X F0
Y
1 plx
PGM1, PGM2, PGM3
Y Y 1 co2>1 coji
V x ,0 2
[COJ,
[COJ,
Product concentration. Subscript indicates product name (mM ). 
Atmospheric pressure (mBar)
Proline glycerol medium N o .l, N o.2 & No.. 3 
Pyruvate kinase.
Metabolic quotients l lx.dpldt  and 1/x. dsidi respectively.
That portion o f  metabolic quotients for carbon dioxide production and 
oxygen consumption required to support maintenance activities. 
Recovery o f  carbon as carbon dioxide (% ).
Respiration quotient.
Recovery o f  carbon as product, and substrate respectively (% ). 
Recovery o f  carbon as cell mass (% ).
Carbon recovered as soluble materials in culture filtrate (% ).
Substrate concentration (mM ).
Substrate concentration in medium reservoir (mM ).
Time.
Culture volume (1).
Volum e per unit volume.
Weight per unit volume.
Weight per unit weight.
Biomass concentration (g .l'1).
Biomass concentration determined from freeze-dried cells (g .l'1). 
Product yield (dp/dx), abbreviated to Yp where indicated.
Growth yield (-dx/ds)  abbreviated to Ys where indicated.
Product yield for nystatin (m g.g'1).
Product yield for carbon dioxide (m o l.g 1).
Growth yield on oxygen (g.m ol'1).
Concentration o f  soluble solids determined from freeze-dried culture 
filtrate (g.l'1)
Concentration o f  carbon dioxide in outlet air as read by the gas analyser 
(%  v/v).
Concentration o f  carbon dioxide in outlet air compensated for baro­
metric pressure (%  v/v).
Proline glycerol media, versions 1 to 3.
67
air  as  r e a d  b y  the  g a s  a n a l y s e r  ( %  v / v ) .
[0 J ouJ D i f f e r e n c e  in  o x y g e n  c o n t e n t  o f  s u p p l y  a n d  o u t l e t  a ir  c o m p e n s a t e d  f o r
b a r o m e t r i c  p r e s s u r e  ( %  v / v ) .
[ / v / t y  C o n c e n t r a t i o n  o f  in e r t  g a s e s  in  o u t l e t  a ir  ( %  v / v ) ,
p. S p e c i f i c  g r o w t h  rate , U x . dx/dt ( h r '1) .
M a x i m u m  s p e c i f i c  g r o w t h  ra te ,  1/x . dxldt ( h r 1) .
( o v e r  a  s y m b o l )  d e n o t e s  s t e a d y -s t a t e  v a lu e .
[0Jrad Concentration o f oxygen in supply air minus the concentration in outlet
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C H A P T E R  3
R E S U L T S  &  D IS C U S S IO N
3.1 Establishing Optimal Conditions for Growth of 
S. noursei in Chemostat Culture
T h e  w o r k  f o r m i n g  t h e  b a s i s  o f  t h i s  t h e s i s  a i m e d  t o  u s e  
c o n t i n u o u s  c u l t u r e  a s  a  t o o l  f o r  i n v e s t i g a t i n g  t h e  p h y s i o l o g y  o f  
t h e  n y s t a t i n  p r o d u c e r  S. n o u r s e i . S i n c e  t h e r e  w a s  l i t t l e  o r  n o  
p u b l i s h e d  i n f o r m a t i o n  r e g a r d i n g  c h e m o s t a t  c u l t u r e  o f  t h i s  
o r g a n i s m  ( a n d ,  i n d e e d ,  t h e  g e n u s  S t r e p to m y c e s )  e x p e r i m e n t s  w e r e  
u n d e r t a k e n  t o  d e t e r m i n e  i t s  g r o w t h  r a t e  r a n g e  a n d  n u t r i e n t  
r e q u i r e m e n t s .  T h e  i n f o r m a t i o n  g a t h e r e d  m a d e  i t  p o s s i b l e  t o  d e s i g n  
c h e m o s t a t  m e d i a  w h e r e  c o n s u m p t i o n  o f  b o t h  l i m i t i n g  a n d  n o n ­
l i m i t i n g  n u t r i e n t s  c o u l d  b e  d e f i n e d .
I n  h i s  d i s c u s s i o n  o f  m i c r o b i a l  n u t r i t i o n  P i r t  ( 1 9 7 5 )  d i v i d e d  
n u t r i e n t s  i n t o  ( i )  t h e  m a j o r  e l e m e n t s  C ,  H ,  0 ,  N ;  ( i i )  m i n o r  
e l e m e n t s  P ,  K ,  S a n d  M g ;  ( i i i )  v i t a m i n s  a n d  h o r m o n e s ;  ( i v )  t r a c e  
e l e m e n t s .  Y i e l d s  o f  b i o m a s s  p e r  g r a m  o f  n u t r i e n t  w e r e  p r o v i d e d  
f o r  t h e  m o s t  i m p o r t a n t  n u t r i e n t s  b a s e d  m a i n l y  o n  w o r k  w i t h  
b a c t e r i a .  W h i l e  t h i s  i n f o r m a t i o n  p r o v i d e s  v a l u a b l e  g u i d e l i n e s  f o r  
t h e  d e s i g n  o f  c u l t u r e  m e d i a  n o  s p e c i f i c  i n f o r m a t i o n  w a s  p r o v i d e d  
f o r  s t r e p t o m y c e t e s . B e f o r e  i n v e s t i g a t i n g  t h e  p h y s i o l o g y  o f  S. 
n o u r s e i  u n d e r  n u t r i e n t - l i m i t e d  c o n d i t i o n s  i n  a  c h e m o s t a t ,  a  
s e r i e s  o f  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  d e f i n e  t h e  n u t r i e n t  
r e q u i r e m e n t s  o f  t h i s  s p e c i e s  m o r e  p r e c i s e l y .
T h e  r e p r e s s i v e  e f f e c t s  o f  n i t r o g e n  a n d  p h o s p h o r u s  c o n t a i n i n g  
n u t r i e n t s  a r e  w e l l  d o c u m e n t e d  a n d  i t  w a s  r e g a r d e d  a s  i m p o r t a n t  t o
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e s t a b l i s h  t h e  m i n i m u m  a m o u n t s  o f  t h e s e  e l e m e n t s  r e q u i r e d  f o r  
g r o w t h .  T h e  e l e m e n t s  i n  c a t e g o r y  i i .  a b o v e ,  m a y  r e a d i l y  b e  u s e d  
t o  l i m i t  g r o w t h  i n  c h e m o s t a t  c u l t u r e  a n d  t h u s  m i n i m u m  
r e q u i r e m e n t s  f o r  t h e s e  e l e m e n t s  w e r e  a l s o  m e a s u r e d .  I n f o r m a t i o n  
o n  a  r a n g e  o f  p o t e n t i a l  l i m i t i n g  n u t r i e n t s  w a s  a l s o  i m p o r t a n t  
b e c a u s e  o v e r f l o w  m e t a b o l i s m ,  a  m a j o r  i n t e r e s t  i n  t h i s  w o r k ,  h a s  
b e e n  s h o w n  ( N e i j s s e l  a n d  T e m p e s t ,  1 9 7 5 )  t o  c h a n g e  a c c o r d i n g  t o  
t h e  n u t r i e n t  l i m i t a t i o n  e m p l o y e d .
T h e  n u t r i e n t s  i n  c a t e g o r y  i i i .  a b o v e  a r e  n o t  e s s e n t i a l  f o r  
g r o w t h  o f  s t r e p t o m y e e t e s  a n d  t h e r e f o r e  n o  a t t e m p t  w a s  m a d e  t o  
d e t e r m i n e  r e q u i r e m e n t s .  A l t h o u g h  t h e  o t h e r  m i n o r  n u t r i e n t s  ( i v .  
a b o v e ) , a r e  e s s e n t i a l  f o r  g r o w t h  t h e  a m o u n t s  r e q u i r e d  c a n  b e  
m i n u t e ,  m a k i n g  q u a n t i f i c a t i o n  t e c h n i c a l l y  v e r y  d i f f i c u l t .  
F o r t u n a t e l y  m o s t  s t r e p t o m y e e t e s  w i l l  g r o w  a n d  p r o d u c e  a n t i b i o t i c s  
i n  d e f i n e d  m e d i a  w h i c h  h a v e  b e e n  s u p p l e m e n t e d  w i t h  t r a c e s  o f  
t h e s e  e l e m e n t s .  C o m p r e h e n s i v e  I n f o r m a t i o n  o n  t h e s e  n u t r i e n t s  d i d  
n o t  t h e r e f o r e  a p p e a r  t o  b e  a n  e s s e n t i a l  p r e r e q u i s i t e  f o r  s u c c e s s  
w i t h  c h e m o s t a t  c u l t u r e s  o f  S. n o u r s e i  a n d ,  u n l e s s  p r o b l e m s  w e r e  
e n c o u n t e r e d ,  n o  i n v e s t i g a t i o n s  o f  t r a c e  e l e m e n t  r e q u i r e m e n t s  w e r e  
p l a n n e d .
3 . 1 . 1  S e l e c t i o n  o f  a  D e f i n e d  M e d i u m  S u i t a b l e  f o r  C h e m o s t a t  
C u l t u r e  o f  S. n o u r s e i
T h e  c h o i c e  o f  a  m e d i u m  f o r  n u t r i t i o n a l  s t u d i e s  w a s  
i n f l u e n c e d  b y  o b s e r v a t i o n s  ( u n p u b l i s h e d )  t h a t  a  m o d i f i e d  v e r s i o n  
o f  t h e  c e p h a m y c i n  A  a n d  B  m e d i u m  o f  S t a p l e y  e t  a l .  ( 1 9 7 2 ) ,  
s u p p l e m e n t e d  w i t h  M O P S  t o  i m p r o v e  b u f f e r i n g ,  s u p p o r t e d  t h e  g r o w t h
o f  a  w i d e  r a n g e  o f  s t r e p t o m y c e t e s .  F u r t h e r m o r e ,  p r o d u c t i o n  o f  
s e c o n d a r y  m e t a b o l i t e s  a c t i v e  i n  r o u t i n e  s c r e e n i n g  o p e r a t i o n s  
c o m p a r e d  w e l l  w i t h  t h a t  o b s e r v e d  i n  c o m p l e x  m e d i a .  T h i s  
f a v o u r a b l e  s i t u a t i o n  w a s  a t t r i b u t e d  t o  t h e  b e n e f i c i a l  e f f e c t s  o f  
p r o l i n e  f o r  s e c o n d a r y  m e t a b o l i s m  a s  d i s c u s s e d  i n  t h e  i n t r o d u c t i o n  
w i t h  r e f e r e n c e  t o  t h e  w o r k  o f  D u l a n e y  ( 1 9 4 8 ) ,  A h a r o n o w i t z  a n d  
D e m a i n  ( 1 9 7 9 ) ,  K o z a k  a n d  D o b r z a n s k i  ( 1 9 7 7 ) ,  S h a p i r o  a n d  V i n i n g  
( 1 9 8 3 )  .
T h e  C A B  ( S e c t i o n  2 . 1 . 1 )  m e d i u m  w a s  s i m p l i f i e d ,  b y  o m i t t i n g  
g l u t a m a t e  a n d  s u c r o s e ,  t o  p r o v i d e  a  m e d i u m  ( P r o l i n e  G l y c e r o l  
M e d i u m  N o .  1 ,  P G M 1 )  w h i c h ,  h a v i n g  f e w e r  o r g a n i c  c o m p o n e n t s ,  
p r o v i d e d  a  m o r e  s u i t a b l e  b a s e  f o r  n u t r i t i o n a l  s t u d i e s .  T h e  t r a c e  
m e t a l  c o m p o s i t i o n  o f  C A B M  d i f f e r e d  f r o m  t h a t  u s e d  b y  S t a p l e y  e t  
a l .  ( 1 9 7 2 )  a n d  s i n c e  t h e  i r o n  a n d  z i n c  l e v e l s  w e r e  l o w e r  t h a n  
t h o s e  n o r m a l l y  o p t i m a l  f o r  p r o d u c t i o n  o f  s e c o n d a r y  m e t a b o l i t e s  
( W e i n b e r g ,  1 9 7 0 )  t h e  r e v i s e d  m e d i u m  i n c l u d e d  h i g h e r  
c o n c e n t r a t i o n s  o f  t h e s e  m e t a l s .
3 . 1 . 2  D e t e r m i n a t i o n  o f  f o r  S. n o u r s e i  b y  B a t c h  C u l t u r e^max J
A n  e s t i m a t e  o f  M m a x , t h e  m a x i m u m  s p e c i f i c  g r o w t h  r a t e  o f  a n  
o r g a n i s m ,  i s  i m p o r t a n t  i n  c h e m o s t a t  w o r k  b e c a u s e  i t  d e f i n e s  t h e  
m a x i m u m  d i l u t i o n  r a t e  w h i c h  m a y  b e  u s e d  w i t h o u t  c a u s i n g  t h e  
c u l t u r e  t o  w a s h  o u t  o f  t h e  f e r m e n t e r .  S i n c e  t h e  c h e m o s t a t  w a s  t o  
b e  t h e  m a j o r  t o o l  u s e d  i n  t h i s  p h y s i o l o g i c a l  s t u d y  a n  e s t i m a t e  o f  
t h i s  p a r a m e t e r  w a s  r e q u i r e d .  A  v a l u e  f o r  f f m a x  m a y  b e  o b t a i n e d  b y  
m e a s u r i n g  a n y  g r o w t h  r e l a t e d  v a r i a b l e ,  p l o t t i n g  t h e  n a t u r a l  
l o g a r i t h m  a g a i n s t  t i m e ,  a n d  m e a s u r i n g  t h e  g r a d i e n t  o v e r  a  p e r i o d
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o f  e x p o n e n t i a l  i n c r e a s e .  T h e  g r o w t h - l i n k e d  v a r i a b l e  c h o s e n  f o r  
t h i s  p u r p o s e  w a s  c a r b o n  d i o x i d e  e x c r e t i o n  m a i n l y  b e c a u s e  r e g u l a r  
a n d  a c c u r a t e  r e a d i n g s  w e r e  a v a i l a b l e  f r o m  t h e  c o m p u t e r  d a t a  
l o g g e r .
A  b a t c h  c u l t u r e  o f  S. n o u r s e i  w a s  g r o w n  i n  a  f e r m e n t e r  a t
-  1 “1
2 8 ° G  w i t h o u t  p H  c o n t r o l  a t  a n  a i r  f l o w  r a t e  o f  1  v . v "  . m i n  . A n  
o x y g e n  e l e c t r o d e  l i n k e d  t o  f e e d b a c k  c o n t r o l  o f  s t i r r e r  s p e e d  i n  
t h e  r a n g e  5 0 0  t o  1 0 0 0  r . p . m .  e n s u r e d  t h a t  t h e  d i s s o l v e d  o x y g e n  
t e n s i o n  r e m a i n e d  a b o v e  2 0 % o f  s a t u r a t i o n  a n d  e x h a u s t  g a s  a n a l y s i s  
p r o v i d e d  i n f o r m a t i o n  o n  u p t a k e  o f  o x y g e n  a n d  c a r b o n  d i o x i d e  
p r o d u c t i o n .  T h e  p r o d u c t i o n  o f  c a r b o n  d i o x i d e  i n  c u l t u r e  m e d i u m  
P G M 1  i n c r e a s e d  e x p o n e n t i a l l y  b e t w e e n  1 8  a n d  2 5  h r  a f t e r  
i n o c u l a t i o n  ( F i g u r e  3 - 1 )  a n d  f r o m  t h e  g r a d i e n t  i n  t h i s  r e g i o n  
J ^ m a x  w a s  e s t i m a t e h  a s  0 . 1 7 4  h r - 1 .  T h i s  m e t h o d  o f  d e t e r m i n i n g  M m a x  
a s s u m e d  t h a t ,  d u r i n g  e x p o n e n t i a l  g r o w t h ,  c a r b o n  d i o x i d e  
p r o d u c t i o n  c h a n g e d  o n l y  a s  a  r e s u l t  o f  g r o w t h .
C h e m o s t a t s  h a v e  p r o v e d  u s e f u l  f o r  e x p l o r i n g  t h e  n u t r i t i o n a l  
r e q u i r e m e n t s  o f  m i c r o o r g a n i s m s  ( M a t e l e s  a n d  B a t t a t ,  1 9 7 4 ;  S u m m e r s  
e t  a l ,  1 9 7 9 ;  A r a n h a  e t  a l ,  1 9 8 2 ;  G o l d n e r  e t  a l . ,  1 9 8 5 )  a n d  s i n c e  
s i m i l a r  d a t a  w e r e  r e q u i r e d  f o r  S. n o u r s e i ,  p r i o r  t o  c h e m o s t a t  
i n v e s t i g a t i o n s  o f  a n t i b i o t i c  p r o d u c t i o n ,  t h i s  a p p r o a c h  s e e m e d  
a p p r o p r i a t e .  G u i d e l i n e s  f o r  m e d i u m  o p t i m i s a t i o n  p r o p o s e d  b y  
G o l d b e r g  a n d  E r - e l  ( 1 9 8 1 )  s u g g e s t e d  t h a t  a  d i l u t i o n  r a t e  o f  4 0 -  
6 0 %  o f  M m a x  s h o u l d  b e  a d o p t e d .  H o w e v e r  c a u t i o n  r e g a r d i n g  t h e  
a p p l i c a b i l i t y  o f  b a t c h  d a t a  t o  c h e m o s t a t  e x p e r i m e n t s  w i t h  a  
f i l a m e n t o u s  o r g a n i s m  l e d  t o  t h e  c h o i c e  o f  a  r a t h e r  l o w e r  v a l u e  
( 0 . 0 5  h r - 1 )  f o r  f u t u r e  w o r k .
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2 6 2 8 3 0
F i g u r e  3 - 1  D e t e r m i n a t i o n  o f  f o r  S. n o u r s e i ,  f r o m  e x h a u s t  g a sI Ilex X.
c a r b o n  d i o x i d e  c o n t e n t ,  w h e n  g r o w n  i n  P G M 1  a t  2 8  ° C  i n  a  3  l i t r e  
f e r m e n t e r  w i t h o u t  p H  c o n t r o l .  A i r  w a s  s p a r g e d  i n  a t  3  l . m i n ' ^  a n d  
t h e  s t i r r e r  s p e e d  w a s  a  m i n i m u m  o f  5 0 0  r p m  w i t h  p r o v i s i o n  f o r  
f e e d b a c k  c o n t r o l  t o  i n c r e a s e  t h i s  u p  t o  1 0 0 0  r p m  i f  d i s s o l v e d  
o x y g e n  t e n s i o n  f e l l  b e l o w  2 0 % .  L i n e  s h o w n  i s  a  l e a s t  s q u a r e s  f i t  
f o r  1 8  t o  2 5  h r  (  y  =  0 . 1 7 4 x  -  5 . 4 8  ) .
V a l u e s  o f  M m a x  w e r e  e s t i m a t e d ,  f r o m  c a r b o n  d i o x i d e  e x c r e t i o n ,  
f o r  e a c h  o f  m e d i a  u s e d  i n  l a t e r  c h e m o s t a t  w o r k  ( c o m p i l e d  d a t a  i n  
T a b l e  4 - 2 ) .
3 . 1 . 3  I d e n t i f i c a t i o n  o f  t h e  L i m i t i n g  N u t r i e n t  i n  P G M 1
A l t h o u g h  P G M 1  m e d i u m  ( S e c t i o n  2 . 1 . 3 )  c o n t a i n e d  a l l  o f  t h e  
n u t r i e n t s  r e q u i r e d  f o r  g r o w t h  o f  S. n o u r s e i  i t  w a s  n o t  k n o w n  
w h i c h  c o m p o n e n t  w o u l d  b e  l i m i t i n g  w h e n  t h i s  m e d i u m  w a s  u s e d  i n  a  
c h e m o s t a t .  T h e  p r o c e d u r e  c h o s e n  f o r  i d e n t i f i c a t i o n  o f  t h e  
l i m i t i n g  n u t r i e n t  w a s  t o  s e t  u p  a  c h e m o s t a t  u s i n g  P G M l  a n d ,  o n c e
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i n  a  s t e a d y - s t a t e , i n j e c t  p o t e n t i a l  l i m i t i n g - n u t r i e n t s  a n d  l o o k  
f o r  a n  i n c r e a s e  i n  b i o m a s s .
B a t c h  c u l t u r e s  o f  S. n o u r s e i  w e r e  g r o w n  o n  P G M 1  a t  2 8 ° C  w i t h  
f e e d b a c k  c o n t r o l  o f  o x y g e n  t e n s i o n  a s  a b o v e .  A f t e r  a b o u t  4 8  h r  
m e d i u m  w a s  p u m p e d  i n  t o  p r o v i d e  a  d i l u t i o n  r a t e  o f  0 . 0 5  h r - 1  a n d  
a  f u r t h e r  1 0 0  h r  a l l o w e d  f o r  s t e a d y - s t a t e  c o n d i t i o n s  t o  b e c o m e  
e s t a b l i s h e d .  I n  o r d e r  t o  i d e n t i f y  t h e  g r o w t h  l i m i t i n g  n u t r i e n t ,  
c o n c e n t r a t e d  s o l u t i o n s  o f  m e d i u m  c o m p o n e n t s  w e r e  i n j e c t e d  i n t o  
t h e s e  c h e m o s t a t  c u l t u r e s ,  s u f f i c i e n t  t o  d o u b l e  t h e  c o n c e n t r a t i o n  
a l r e a d y  p r e s e n t  i n  t h e  f e r m e n t e r  ( M a t e l e s  a n d  B a t t a t  1 9 7 4 ) .  A n  
i m m e d i a t e  i n c r e a s e  i n  r e s p i r a t i o n ,  a n d  a  s u b s e q u e n t  i n c r e a s e  i n  
b i o m a s s ,  r e s u l t e d  w h e n  p r o l i n e  w a s  a d d e d .  G l y c e r o l  a d d i t i o n s  
e l i c i t e d  o n l y  t h e  r e s p i r a t o r y  r e s p o n s e ,  a c c o m p a n i e d  b y  a  r a p i d  
d i s a p p e a r a n c e  o f  t h e  e x t r a  g l y c e r o l .  R e s i d u a l  p h o s p h a t e  w a s  
d e t e c t a b l e  t h r o u g h o u t  t h e  e x p e r i m e n t  w i t h  a p p r o x i m a t e l y  1  m m o l  
b e i n g  c o n s u m e d  p e r  g r a m  o f  b i o m a s s  p r o d u c e d .  A l t h o u g h  a  l i m i t i n g  
n u t r i e n t  c o u l d  n o t  b e  u n e q u i v o c a l l y  i d e n t i f i e d  t h e  b i o m a s s  
i n c r e a s e  o b s e r v e d  f o l l o w i n g  p r o l i n e  a d d i t i o n  i n d i c a t e d  t h a t  
n i t r o g e n  m i g h t  b e  l i m i t i n g .
3 . 1 . 4  T h e  E f f e c t  o f  V a r i o u s  P r o l i n e  : G l y c e r o l  C o m b i n a t i o n s  U p o n  
C h e m o s t a t  C u l t u r e s  o f  S. n o u r s e i
F u r t h e r  c h e m o s t a t  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  e s t a b l i s h  
s t e a d y - s t a t e  c o n d i t i o n s  f o r  m e d i a  c o n t a i n i n g  a  r a n g e  o f  g l y c e r o l  
a n d  p r o l i n e  c o n c e n t r a t i o n s . T h e s e  e x p e r i m e n t s  w e r e  i n t e n d e d  t o  
c o n f i r m  t h e  i d e n t i t y  o f  t h e  l i m i t i n g  n u t r i e n t  a n d  t o  d e d u c e  a  
b a l a n c e  o f  t h e  t w o  m a j o r  n u t r i e n t s  s u i t a b l e  f o r  f u t u r e  w o r k .
74
The p h o s p h a te  l e v e l  i n  th e  medium was r a i s e d  t o  12 mM,
e n s u r i n g  t h a t  t h i s  n u t r i e n t  w a s  p r e s e n t  i n  e x c e s s , a n d  a  f i x e d  
s t i r r e r  s p e e d  o f  1 0 0 0  r . p . m .  e n s u r e d  t h a t  o x y g e n  d i d  n o t  b e c o m e  
l i m i t i n g .  T h e  p H  o f  t h e  c u l t u r e  w a s  m a i n t a i n e d  a t  6 . 5  u s i n g  N a O H  
( 2  M )  a n d  H C 1  ( 1  M )  a s  t i t r a n t s .  S a m p l e s  w e r e  t a k e n  w h e n  t h e  
c h e m o s t a t  h a d  e s t a b l i s h e d  a  s t e a d y - s t a t e  a n d  d r y  w e i g h t  w a s  
e s t i m a t e d  b y  t h e  f i l t r a t i o n  m e t h o d .  T h e  f i l t r a t e  w a s  a n a l y s e d ,  
u s i n g  t h e  e n z y m i c  m e t h o d s  ( c h a p t e r  2 ) ,  f o r  g l y c e r o l ,  p y r u v a t e  a n d  
a m m o n i a .
C u l t u r e s  s u p p l i e d  w i t h  p r o l i n e  a s  t h e  s o l e  s o u r c e  o f  c a r b o n  
a n d  n i t r o g e n  e x c r e t e d  u p  t o  3 0 %  o f  t h e  n i t r o g e n  a s  a m m o n i a  
( T a b l e  3 - 1 )  a n d  t h u s  d i d  n o t  a p p e a r  t o  b e  n i t r o g e n - l i m i t e d .
Table 3-1 Fermentation data for chemostat cultures of S. noursei growing at a dilution rate 
of 0.05 hr-1 in media where carbon and nitrogen were supplied by proline or proline and 
glycerol. The cultures were grown at 28°C, pH 6.5 with an aeration rate of 3 l.min and an 
agitation rate of 1000 r.p.m. in 3 1 of modified PGM2. Biomass was estimated from the dry 
weight of mycelium collected by filtration. Phosphate was estimated using the method of 
Fiske and Subbarrow (1925), pyruvate and ammonia using enzymic methods (sections 2.4.9, 
2.4.10) and proline by high pressure liquid chromatography (section 2.4.7).
[C]/(N]Ratio Proline(mM)
Glycerol
(mM)
Biomass
(g.l'1)
ResidualGlycerol(mM)
ResidualPhosphate(mM)
Pyruvate
(mM)
Ammonia
(mM)
YProline
(g.mol*1)
5.0 80 0.0 6.31 0.00 6.22 ND 21.0 78.9±0.42 ±0.46 ±1.1 ±5.2
5.0 100 0.0 6.68 0.00 6.05 ND 29.7 66.8±0.08 ±0.15 ND ±0.9 ±0.8
6.0 80 26.7 7.33 0.00 5.33 12.2 91.6±0.25 ±0.04 ±0.5 ±3.1
8.7 87 108.0 10.16 0.00 2.47 0.00 0.1 116.8±0.33 ±0.12 ±0.1 ±3.8
*8.8 43 54.0 5,32 0.00 7.32 0.00 1.9 123.7
10.0 60 100.0 7.32 1.30 5.33 ND 0.05 122.0±0.51 ±1.17 ±1.19 ±0.13 ±8.4
12.5 87 217.0 10.42 0.00 2.59 0.00 0.91 119.8±0.19 ** ** ±2.2
12.5 100 250.0 12.28 0.00 0.77 2.55 0.1 122.8±0.32 0.07 ±2.18 ±3.2
15.9 69 250.0 9.83 0.00 4.00 4.15 0.1 142.5±0.73 ±0.14 ±0.50 ±0.1 ±10.6
17.6 43 180.0 5.89 20.50 7.43 9.95 0.0 137.0±0.09 ±2.50 ±0.18 ** ±2.1
*22.4 43 250.0 5.44 90.00 7.23 9.60 ND 126.5
* Single readings only available for these rows. One reading only available.ND Not determined
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S u p p l e m e n t i n g  t h e  m e d i u m  w i t h  g l y c e r o l ,  t o  r a i s e  t h e  m o l a r  C : N  
r a t i o  a b o v e  t h e  f i x e d  5 : 1  p r e s e n t  i n  p r o l i n e ,  r e d u c e d  t h e  a m o u n t  
o f  a m m o n i a  e x c r e t e d  a n d  I n c r e a s e d  Y p r  - j ^  . W h e n  m o l a r  C : N  r a t i o s
o f  8 . 7 : 1  o r  g r e a t e r  w e r e  e m p l o y e d ,  l i t t l e  o r  n o  a m m o n i a  w a s  
d e t e c t e d  a n d  b i o m a s s  w a s  d e p e n d e n t  o n  t h e  a m o u n t  o f  p r o l i n e  
a v a i l a b l e  ( F i g u r e  3 - 2 ) .  I t  w a s  c o n c l u d e d  t h a t ,  a t  C : N  r a t i o s  
b e l o w  a b o u t  8 : 1  c a r b o n  w a s  t h e  l i m i t i n g  n u t r i e n t  a n d  a b o v e  t h i s  
r a t i o  n i t r o g e n  w a s  l i m i t i n g .
P r o l i n s  ( m M )
F i g u r e  3 - 2  T h e  r e l a t i o n s h i p  b e t w e e n  S. n o u r s e i  b i o m a s s  p r o d u c e d  
i n  c o n t i n u o u s  c u l t u r e  a n d  p r ' o l i n e  c o n t e n t  o f  t h e  c u l t u r e  m e d i u m  
f o r  v a r i a n t s  o f  p r o l i n e  g l y c e r o l  m e d i a  ( T a b l e  3 - 1 )  w h e r e  C : N  
r a t i o  w a s  g r e a t e r  t h a n  8 : 1 .  C u l t u r e s  w e r e  g r o w n  a t  a  d i l u t i o n  
r a t e  o f  0 . 0 5  h r '  i n  3  1  o f  m e d i u m  a t  2 8 ° C ,  p H  6 . 5 ,  s t i r r e d  a t  
1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3  l . m i n " ' 4' .
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C h a n g i n g  t h e  d o m i n a n t  c a r b o n  s o u r c e  f r o m  p r o l i n e  t o  g l y c e r o l  
r e s u l t e d  i n  a  r e d u c t i o n  o f  R Q ,  f r o m  a b o u t  0 . 9  a t  a  C : N  r a t i o  o f  
5 : 1 ,  t o  0 . 8  a t  1 2 . 5 : 1  ( F i g u r e  3 - 3 a ) .  T h e  a m o u n t  o f  r e s p i r a t o r y  
a c t i v i t y  p e r  u n i t  b i o m a s s ,  a s  i n d i c a t e d  b y  q g 2 > i n c r e a s e d  w i t h  
C : N  r a t i o  ( F i g u r e  3 - 3 b )  u p  t o  t h e  p o i n t  ( 1 7 . 6 : 1 )  w h e r e  
s i g n i f i c a n t  a m o u n t s  o f  r e s i d u a l  g l y c e r o l  w e r e  d e t e c t a b l e  i n  t h e  
c u l t u r e  f i l t r a t e .  T h e  d i f f e r e n c e  i n  r e s i d u a l  g l y c e r o l  c o n t e n t  o f  
t h e  1 7 . 6 : 1  a n d  2 2 . 4 : 1  c u l t u r e s  ( 8 9 . 5  m M ) m a t c h e d  c l o s e l y  t h e  
d i f f e r e n c e  i n  s t a r t i n g  c o n c e n t r a t i o n s  o f  g l y c e r o l  i n  t h e  m e d i a  
( T a b l e  3 - 1 )  i n d i c a t i n g  t h a t  i t  w a s  p o s s i b l e  t o  s a t u r a t e  t h e  
c a p a c i t y  o f  t h e  o r g a n i s m  t o  c o n s u m e  a n y  g l y c e r o l  n o t  r e q u i r e d  f o r  
g r o w t h .
a.
Molar Ratio of C/N
Molar Ralio oi C/N
F i g u r e  3 - 3  E s t i m a t e s  o f  a .  t h e  r e s p i r a t o r y  q u o t i e n t  ( R Q )  a n d  b .  
t b e  m e t a b o l i c  q u o t i e n t  f o r  o x y g e n  ( q 0 2 )  *-n  r e l a t i o n  t o  C : N  r a t i o  
o f  t h e  c u l t u r e  m e d i u m  f o r  c h e m o s t a t  c u l t u r e s  o f  S. n o u r s e i  g r o w n  
i n  p r o l i n e  g l y c e r o l  m e d i a  ( T a b l e  3 - 1 )  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5  
h r  . C u l t u r e s  w e r e  g r o w n  a t  2 8 ° C ,  p H  6 . 5 , s t i r r e d  a t  1 0 0 0  r . p . m .  
i n  3  1  o f  m e d i u m  a e r a t e d  a t  3  l . m i n  .
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T h e  g r o w t h  i n d e p e n d e n t  i n c r e a s e  i n  r e s p i r a t i o n  w a s  a c c o m p a n i e d  
( F i g u r e  3 - 4 )  b y  a  p r o g r e s s i v e  d e c r e a s e  i n  t h e  y i e l d  o f  b i o m a s s  o n  
o x y g e n  ( Y x ^ q 2 )  a n ( * o n  c a r b o n  s u b s t r a t e s  ( Y x / C )  - G r o w t h  
i n d e p e n d e n t  r e s p i r a t i o n  i n c r e a s e d  C O 2  o u t p u t  a n d  s o m e  o f  t h e  
a d d i t i o n a l  c a r b o n  a p p e a r e d  i n  t h e  m e d i u m  a s  p y r u v a t e , 
p a r t i c u l a r l y  a t  t h e  h i g h e r  C : N  r a t i o s  ( T a b l e  3 - 1 ) .  T h e  v a r i a t i o n s  
i n  R Q ,  q 0 2  a n d  y i e l d  f a c t o r s ,  a s  C : N  r a t i o  i n c r e a s e d  a p p e a r e d  t o  
r e f l e c t  t h e  t r a n s i t i o n  f r o m  c a r b o n  l i m i t a t i o n  t o  c a r b o n  
s u f f i c i e n c y  a n d  o n  t o  c a r b o n  s a t u r a t i o n  r a t h e r  t h a n  c h a n g e s  i n  
t h e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  c e l l s .
F i g u r e  3 - 4  B i o m a s s  y i e l d s  o n  o x y g e n  ( n Y ^ )  a n d  o n  c a r b o n  
(4 -  Y ^ q )  a s  a f f e c t e d  b y  t h e  C : N  r a t i o  o f  t h e  c u l t u r e  m e d i u m  f o r  
c h e m o s t a t  c u l t u r e s  o f  S. n o u r s e i  g r o w n  i n  a  r a n g e  o f  p r o l i n e  
g l y c e r o l  m e d i a  ( T a b l e  3 - 1 ) .  C u l t u r e s  w e r e  g r o w n  a t  2 8 “ C ,  p H  6 . 5 ,  
s t i r r e d  a t  1 0 0 0  r . p . m .  i n  3  1  o f  m e d i u m  a e r a t e d  a t  3  l . m i n " ' 4' .
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T h e  a b o v e  o b s e r v a t i o n s  w e r e  t a k e n  a s  i n d i c a t i o n s  t h a t  S .  
n o u r s e i  w h e n  g i v e n  e x c e s s  c a r b o n  c o u l d  e x c r e t e  o v e r f l o w  
m e t a b o l i t e s  w h i c h  i n c l u d e d  p y r u v a t e .  T h e  e x c e s s i v e  c o n s u m p t i o n  o f  
c a r b o n  a n d  e x c r e t i o n  o f  p y r u v a t e  c o n t r a s t e d  w i t h  t h e  o b s e r v a t i o n s  
o f  R h o d e s  ( 1 9 8 4 )  t h a t  S. a u r e o f a c ie n s  d i d  n o t  c o n s u m e  e x c e s s  
g l u c o s e .  R h o d e s  h o w e v e r  c o m b i n e d  n i t r o g e n  l i m i t a t i o n  w i t h  
p h o s p h o r u s  l i m i t a t i o n ,  w h i l e  i n  t h e s e  e x p e r i m e n t s  p h o s p h a t e  w a s  
p r e s e n t  i n  e x c e s s .  T h u s  i t  s e e m e d  p h o s p h a t e  e x c e s s  m i g h t  b e  a  
p r e r e q u i s i t e  f o r  o v e r f l o w  m e t a b o l i s m  i n  s t r e p t o m y c e t e s .
T h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  n o n  g r o w t h - l i m i t i n g  n u t r i e n t s  
c o u l d ,  i t  a p p e a r s ,  h a v e  a  c o n s i d e r a b l e  i n f l u e n c e  u p o n  h o w  a n  
o r g a n i s m  r e s p o n d s  w h e n  c o n f r o n t e d  w i t h  n u t r i e n t  l i m i t a t i o n .  
P r o d u c t i o n  o f  m a n y  a n t i b i o t i c s  h a s  b e e n  r e p o r t e d  t o  c o m m e n c e  w h e n  
t h e  c u l t u r e  b e c o m e s  l i m i t e d  b y  a  p a r t i c u l a r  n u t r i e n t  e g .  
n i t r o g e n .  A  m o r e  c o m p r e h e n s i v e  d e s c r i p t i o n  o f  c o n d i t i o n s  a t  t h i s  
p o i n t  m i g h t  a d d  t h a t  p h o s p h a t e  c o n c e n t r a t i o n  m u s t  b e  w i t h i n  a  
c r i t i c a l  r a n g e  a r i d  t h a t  s u l p h u r  a n d  c a r b o n  m u s t  b e  a v a i l a b l e  i n  
e x c e s s  i f  a n t i b i o t i c  p r o d u c t i o n  i s  t o  c o m m e n c e .  T h e  f o r m u l a e  f o r  
s u c c e s s f u l  a n t i b i o t i c  p r o d u c t i o n  m e d i a  e m b o d y  t h i s  t y p e  o f  
i n f o r m a t i o n  a l t h o u g h ,  i n  t h e  a b s e n c e  o f  a  f u l l  u n d e r s t a n d i n g  o f  
t h e  p r o c e s s ,  i t  i s  s e l d o m  p o s s i b l e  t o  e x p l i c i t l y  d e f i n e  
c o n d i t i o n s  a t  t h e  o n s e t  o f  a n t i b i o t i c  p r o d u c t i o n .
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3 . 1 . 5  P h o s p h a te  R e q u ire m e n ts
D e t e r m i n a t i o n  o f  t h e  p h o s p h a t e  r e q u i r e m e n t s  o f  t h e  m o d e l  
o r g a n i s m  w e r e  u n d e r t a k e n  m a i n l y  b e c a u s e  t h e  n u t r i e n t  h a s  b e e n  
r e p o r t e d  t o  p l a y  a  p a r t  i n  r e g u l a t i n g  s y n t h e s i s  o f  a n t i b i o t i c s .  
T h u s  i t  a p p e a r e d  t h a t  c a r e f u l  c o n t r o l  o f  p h o s p h a t e  a v a i l a b i l i t y  
m i g h t  b e  r e q u i r e d  t o  a l l o w  p r o d u c t i o n  o f  n y s t a t i n  i n  c h e m o s t a t  
c u l t u r e .  T h e  p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  o v e r f l o w  m e t a b o l i s m  
a n d  p h o s p h a t e  n o t e d  i n  t h e  p r e c e d i n g  s e c t i o n  s t r e n g t h e n e d  t h e  
i n t e r e s t  i n  t h i s  n u t r i e n t .
P h o s p h a t e  l i m i t a t i o n  w a s  i n v e s t i g a t e d  i n  a  c h e m o s t a t  c u l t u r e  
u s i n g  P G M 2  w i t h  a  v a r i e t y  o f  p h o s p h a t e  c o n c e n t r a t i o n s  i n  t h e  
r a n g e  1  t o  3  m M . T h e  s t e a d y - s t a t e  b i o m a s s  i n  t h e s e  c u l t u r e s  
v a r i e d  a s  a  l i n e a r  f u n c t i o n  o f  p h o s p h a t e  c o n c e n t r a t i o n  ( F i g u r e  3 -  
5 )  . A  l e a s t  s q u a r e s  f i t  p r o v i d e d  a n  e s t i m a t e  f o r  Y p  o f  
3 0 8 8  g . m o l " 1 . I n  c o n t r a s t  t o  t h e s e  f i n d i n g s  c a l c u l a t i o n s  o f  Y p  
f o r  c a r b o n - l i m i t e d  a n d  n i t r o g e n - l i m i t e d  c u l t u r e s  p r o v i d e d  v a l u e s
_ i
a r o u n d  1 1 0 0  g . m o l  ( f u l l  d e t a i l s  i n  A p p e n d i x  1 ) .
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Bi
om
as
s 
(g
/l
)
Phosphate (mM)
F i g u r e  3 - 5  T h e  r e l a t i o n s h i p  b e t w e e n  S. n o u r s e i  b i o m a s s  p r o d u c e d  
i n  c o n t i n u o u s  c u l t u r e  a n d  t h e  p h o s p h a t e  c o n t e n t  o f  t h e  c u l t u r e  
m e d i u m .  L i n e  r e p r e s e n t s  a  l e a s t  s q u a r e s  f i t  f o r  t h e  d a t a  
(  y  =  3 . 0 9 x  -  0 . 0 7 1  ) .  C u l t u r e s  w e r e  g r o w n  a t  a  d i l u t i o n  r a t e  o f  
0 . 0 5  h r "  i n  3  1  o f  m e d i u m  a t  2 8  ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  
r . p . m .  a n d  a e r a t e d  a t  3  l . m i n " ’4' .
P h o s p h a t e - l i m i t e d  c u l t u r e s  w e r e  f o u n d  t o  c o n t a i n  s u b s t a n t i a l  
a m o u n t s  o f  r e s i d u a l  p r o l i n e  a n d  g l y c e r o l  ( d a t a  i n  A p p e n d i x  2 )  . 
E x c r e t i o n  o f  a m m o n i a  i n t o  t h e  c u l t u r e  m e d i u m  s u g g e s t e d  t h a t  s o m e  
o f  t h e  p r o l i n e  u t i l i s e d  w a s  s e r v i n g  a s  a  c a r b o n  o r  e n e r g y  s o u r c e .  
T h e r e  w a s  n o  e v i d e n c e  o f  t h e  o x i d a t i o n  o f  e x c e s s  c a r b o n  c o m p o u n d s  
t o  CC>2 a s  s e e n  w i t h  n i t r o g e n - l i m i t e d  c u l t u r e s .
T h e  d e c r e a s e  i n  y i e l d  w h e n  p h o s p h a t e  w a s  a v a i l a b l e  i n  e x c e s s  
d e m o n s t r a t e d  t h a t  t h e  c e l l s  e x h i b i t e d  a  s i m i l a r  s o r t  o f  
e l a s t i c i t y  b e t w e e n  m i n i m u m  r e q u i r e m e n t  a n d  s a t u r a t i o n  a s  s e e n  
w i t h  g l y c e r o l .  T h e  m o l a r  g r o w t h  y i e l d  o n  p h o s p h a t e  ( Y p )  f o r  
p h o s p h a t e - l i m i t e d  c u l t u r e s  w a s  a l m o s t  3  t i m e s  h i g h e r  t h a n  t h o s e  
o b t a i n e d  w h e n  o t h e r  l i m i t a t i o n s  w e r e  e m p l o y e d  ( A p p e n d i x  1 ) .
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C o m p a r i s o n  o f  t h e s e  v a l u e s  w i t h  t h o s e  p u b l i s h e d  b y  o t h e r  w o r k e r s  
s h o w s  t h a t  i n  t h i s  r e s p e c t  S. n o u r s e i  i s  a  t y p i c a l  m e m b e r  o f  t h e  
g e n u s .  C a l c u l a t i o n s  u s i n g  t h e  d a t a  o f  I n o u e  e t  a l . , ( 1 9 8 2 )
p r o v i d e  e s t i m a t e s  o f  1 1 5 0  g . m o l ' 1  f o r  c a r b o n - l i m i t e d  a n d  1 5 0 0  t o  
2 7 4 0  g . m o l ' 1  f o r  n i t r o g e n - l i m i t e d  c u l t u r e s  o f  S t r e p t o m y c e s  
g r i s e u s .  T h e  d a t a  o f  L i l l e y  e t  a l . ,  ( 1 9 8 1 )  g i v e  e s t i m a t e s  i n  t h e
r a n g e  3 2 0 0  t o  4 2 7 0  g . m o l - 1  f o r  p h o s p h a t e - l i m i t e d  S t re p to m y c e s  
c a t t l e y a . A n  e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  c a n  b e  f o r m u l a t e d  b y  
r e f e r e n c e  t o  p u b l i s h e d  w o r k  o n  p h o s p h a t e - l i m i t e d  c h e m o s t a t  
c u l t u r e  o f  e u b a c t e r i a  ( B a c i l l u s , S t a p h y lo c o c c u s , M ic r o c o c c u s )  
w h i c h  c o n s i d e r a b l y  r e d u c e  t h e i r  p h o s p h a t e  r e q u i r e m e n t  b y  
s u b s t i t u t i n g  t e i c h u r o n i c  a c i d s  f o r  t e i c h o i c  a c i d s  i n  c e l l  w a l l  
p o l y m e r s  ( E l l w o o d  a n d  T e m p e s t ,  1 9 7 2 ;  L a n g  e t  a l . , 1 9 8 2 ) .  T h e
d r a m a t i c  a d a p t i v e  r e s p o n s e  o b s e r v e d  w i t h  s t r e p t o m y c e t e s  m a y  b e  a n  
i n d i c a t i o n  t h a t  t h e s e  o r g a n i s m s  e m p l o y  a  s i m i l a r  s t r a t e g y  T h e  
r e s p o n s e  w o u l d  a l m o s t  c e r t a i n l y  i n c l u d e  o t h e r  m e c h a n i s m s  s u c h  a s  
r e g u l a t i o n  o f  m e t a b o l i c  p a t h w a y s  i n v o l v i n g  p h o s p h o r y l a t e d  
i n t e r m e d i a t e s  o r ,  a s  s e e n  w i t h  S t r e p t o m y c e s  a u r e o f a c i e n s , 
a c c u m u l a t i o n  o f  p o l y p h o s p h a t e s  ( M a r t i n  1 9 7 7 ) .
T h e  p r e s e n c e  o f  p r o l i n e  a n d  g l y c e r o l  i n  p h o s p h a t e - l i m i t e d  
c u l t u r e s  l e n d s  f u r t h e r  w e i g h t  t o  t h e  s u g g e s t i o n  t h a t  o v e r f l o w  
m e t a b o l i s m  i n  t h i s  s p e c i e s  r e q u i r e s  t h e  p r e s e n c e  o f  e x c e s s  
p h o s p h a t e .  P h o s p h a t e - l i m i t e d  c u l t u r e s  o f  K l e b s i e l l a  a e ro g e n e s  
a l t h o u g h  a b l e  t o  p r o d u c e  o v e r f l o w  m e t a b o l i t e s  f r o m  h e x o s e s  d i d  
n o t  e x c r e t e  a n y  w h e n  g l y c e r o l  w a s  t h e  c a r b o n  s o u r c e  ( N e i j s s e l  a n d  
T e m p e s t ,  1 9 7 5 ) .  T h e  t y p e  o f  p r o d u c t s  d e r i v e d  f r o m  t h e  h e x o s e s  
w e r e  d i f f e r e n t  f r o m  t h o s e  s e e n  w i t h  s u l p h a t e -  o r  a m m o n i a - l i m i t e d  
c u l t u r e s  a n d  r e q u i r e d  m i n i m a l  i n v o l v e m e n t  o f  p h o s p h a t e .  T h e
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i n t e n s i v e  i n v o l v e m e n t  o f  p h o s p h a t e  i n  g l y c e r o l  u p t a k e ,  
g l u c o n e o g e n e s i s  a n d  g l y c e r o l  c a t a b o l i s m  t h u s  a p p e a r s  t o  p r e v e n t  
o v e r f l o w  m e t a b o l i s m  w h e n  p h o s p h a t e - l i m i t e d  c u l t u r e s  h a v e  e x c e s s  
g l y c e r o l  a v a i l a b l e .
3 . 1 . 6  S u l p h u r  R e q u i r e m e n t s
M o s t  o f  t h e  s u l p h u r  c o n s u m e d  b y  l i v i n g  o r g a n i s m s  i s  
i n c o r p o r a t e d  i n t o  p r o t e i n s  a s  c y s t e i n e ,  c y s t i n e  a n d  m e t h i o n i n e  
a l t h o u g h  a  s m a l l e r  a m o u n t  h a s  a n  i m p o r t a n t  r o l e  i n  c o e n z y m e  A .  
T h u s  i t  s e e m e d  l i k e l y  t h a t  t h e  m e t a b o l i s m  o f  c u l t u r e s  o f  S. 
n o u r s e i  l i m i t e d  b y  s u l p h u r  w o u l d  b e  r e g u l a t e d  b y  t h e  r a t e  o f  
p r o t e i n  s y n t h e s i s .  P o t e n t i a l l y  c u l t u r e s  s t r e s s e d  i n  t h i s  w a y  
c o u l d  b e  c o m p a r e d  w i t h  n i t r o g e n - l i m i t e d  c u l t u r e s  w h e r e  b o t h  
n u c l e i c  a c i d  a n d  p r o t e i n  s y n t h e s i s  m i g h t  b e  a f f e c t e d .  E x p e r i m e n t s  
w e r e  u n d e r t a k e n  t o  d e f i n e  t h e  m i n i m u m  a m o u n t  o f  s u l p h u r  r e q u i r e d  
s o  t h a t  m e d i a  c o u l d  b e  d e s i g n e d  w i t h  s u l p h u r  i n  e x c e s s  o r  a s  t h e  
l i m i t i n g  n u t r i e n t .
R e d u c i n g  o r  e l i m i n a t i n g  s u l p h a t e  f r o m  P G M 1  m e d i u m  s u p p l i e d  
t o  a  c h e m o s t a t  c u l t u r e  o f  S .  n o u r s e i  f a i l e d  t o  e l i c i t  a n y  c h a n g e  
i n  s t e a d y - s t a t e  b i o m a s s .  T h e  o r g a n i s m s  t h u s  a p p e a r e d  t o  h a v e  
a v a i l a b l e  a n  a l t e r n a t i v e  s o u r c e  o f  s u l p h u r .  S i n c e  t h e  o n l y  o t h e r  
m e d i u m  c o m p o n e n t  c o n t a i n i n g  t h i s  e l e m e n t  w a s  M O P S  t h i s  b u f f e r  w a s  
t e s t e d  t o  d e t e r m i n e  i f  s u l p h u r  i n  t h i s  f o r m  w a s  a v a i l a b l e  f o r  
g r o w t h  o f  S. n o u r s e i . T h e  s u l p h u r - f r e e  b u f f e r s  n - ( 2 - a c e t a m i d o ) -  
i m i n o d i a c e t i c  a c i d  ( A D A )  a n d  i m i d a z o l e  w e r e  t e s t e d  a s  p o s s i b l e  
a l t e r n a t i v e s .
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E v id e n c e  t h a t  MOPS B u f f e r  May A c t  as a S o u rce  o f  S u lp h u r
C u l t u r e s  ( 6 0  m l )  w e r e  g r o w n  o n  a  m o d i f i e d  P G M 2  i n  s h a k e n  
f l a s k s  ( 2 5 0  m l )  i n c u b a t e d  a s  d e t a i l e d  i n  t h e  m e t h o d s  s e c t i o n .  T h e  
M O P S  b u f f e r  w a s  r e p l a c e d  i n  t w o  c a s e s  b y  t h e  b u f f e r  u n d e r  t e s t  
( 5 0  m M ) a n d  e a c h  b u f f e r  w a s  t e s t e d  w i t h  a n d  w i t h o u t  N a 2 S 0 4  ( 1  
m M ) .
T h e  r e s u l t s  ( F i g u r e  3 - 6 )  c l e a r l y  s h o w e d  t h a t  t h e  s u l p h u r  i n  
M O P S  w a s  u t i l i s e d  b y  S. n o u r s e i .  T h e  m e d i a  s u p p l e m e n t e d  w i t h  
s u l p h a t e  s u p p o r t e d  g r o w t h  o f  t h e  o r g a n i s m ,  w h i l e  s u l p h a t e  -  f r e e
a. Sulphate-free media
b. Media with sulphaie (ImMI
*1 < 1 1 1 1 1 1------------O 2 4 G 0
Etapasd lima {days!
D WnJdazola +  MOPS o A0A
F i g u r e  3 - 6  D r y  w e i g h t  r e a d i n g s  f o r  s h a k e n  f l a s k  c u l t u r e s  o f  S. 
n o u r s e i  g r o w n  i n  d e f i n e d  m e d i a  w i t h  t h r e e '  a l t e r n a t i v e  b u f f e r s  ( 5 0  
mM i n  e a c h  c a s e ) ,  a .  M e d i a  w i t h o u t  a d d e d  s u l p h a t e ;  b .  m e d i a  w i t h  
a d d e d  s u l p h a t e  ( I m M ) . F l a s k s  ( 2 5 0  m l  E r l e n m e y e r )  c o n t a i n e d  5 0  m l  
o f  m e d i u m  a n d  w e r e  i n c u b a t e d  a t  2 8  ° C  o n  a n  o r b i t a l  s h a k e r  ( 5 0  mm 
t h r o w ,  2 5 0  r p m ) .
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v e r s i o n s  o f  t h e  i m i d a z o l e  a n d  A D A  b u f f e r e d  m e d i a  d i d  n o t ,  t h u s  
c o n f i r m i n g  t h a t  M O P S  c o u l d  a c t  a s  a  s u l p h u r  s o u r c e .  W h e r e  
a d e q u a t e  s u l p h u r  s u p p l i e s  w e r e  a v a i l a b l e  t h e  r a t e s  o f  g r o w t h  a n d  
f i n a l  b i o m a s s  r e a c h e d  w e r e  g r e a t e s t  i n  A D A  m e d i u m  a n d  l o w e s t  I n  
i m i d a z o l e .  V a r i a t i o n s  i n  p H  f r o m  t h e  i n i t i a l  v a l u e  o f  6 . 5  w e r e  
c o n t r o l l e d  b e s t  b y  t h e  A D A  b u f f e r  ( F i g u r e  3 - 7 ) .  T h e s e  
o b s e r v a t i o n s  l e d  t o  t h e  s e l e c t i o n  o f  A D A  a s  t h e  b u f f e r  m o s t  
s u i t a b l e  a s  a n  a l t e r n a t i v e  t o  M O P S  i n  s u l p h u r - l i m i t e d  m e d i a .  T h e  
p o s s i b i l i t y  r e m a i n e d  t h a t  A D A  a n d  a n y  s i m i l a r  ' b i o l o g i c a l  
b u f f e r s '  ( G o o d  e t  a l . ,  1 9 6 6 )  c o u l d  a c t  a s  n u t r i e n t  s o u r c e s ,
a l t h o u g h  i t  w a s  d e m o n s t r a t e d  t h a t  n e i t h e r  A D A  n o r  M O P S  c o u l d  a c t  
a s  s o l e  n i t r o g e n  s o u r c e  f o r  S .  n o u r s e i .
p H  P r o f i l e
2
□ Imidazole
Elapsed time (days) 
+ MOPS
F i g u r e  3 - 7  V a r i a t i o n s  i n  p H  f o r  s h a k e n  f l a s k  c u l t u r e s  o f  S .  
n o u r s e i  g r o w n  i n  d e f i n e d  m e d i a  w i t h  t h r e e  a l t e r n a t i v e  b u f f e r s  ( 5 0  
mM i n  e a c h  c a s e )  . F l a s k s  ( 2 5 0  m l  E r l e n m e y e r )  c o n t a i n e d  5 0  m l  o f  
m e d i u m  a n d  w e r e  i n c u b a t e d  a t  2 8  ° C  o n  a n  o r b i t a l  s h a k e r  ( 5 0  mm 
t h r o w ,  2 5 0  r p m ) .
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B u f f e r s  w e r e  e v e n t u a l l y  e l i m i n a t e d  f r o m  a l l  o f  t h e  m e d i a  u s e d  
i n  f e r m e n t e r s  s i n c e  i n  s u c h  c u l t u r e s  a  s t e a d y  p H  w a s  m a i n t a i n e d  
b y  t h e  f e e d b a c k  c o n t r o l  s y s t e m s .
Y i e l d  on S u lp h a te  i n  C hem os ta t C u l t u r e
C h e m o s t a t  e x p e r i m e n t s ,  u s i n g  a  r a n g e  o f  s u l p h a t e  
c o n c e n t r a t i o n s  i n  a n  A D A  b u f f e r e d  m e d i u m  b a s e ,  p r o v i d e d  e x c e l l e n t  
d a t a  s h o w i n g  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  s t e a d y - s t a t e  b i o m a s s  
a n d  s u l p h a t e  c o n c e n t r a t i o n  ( F i g u r e  3 - 8 ) .  T h e  g r a d i e n t  o f  t h e  l i n e
3 _ i
g a v e  a n  e s t i m a t e  f o r  Y g  o f  1 2 . 3  x  1 0  g . m o l  I n d i c a t i n g  t h a t  t h e  
c e l l s  a r e  0 . 2 6 %  w / w  s u l p h u r ,  a  v a l u e  a t  t h e  l o w e r  e n d  o f  t h e  0 . 3 -  
0 . 4 %  r a n g e  i n d i c a t e d  f o r  b a c t e r i a  b y  T e m p e s t  a n d  W o u t e r s  ( 1 9 8 1 ) .
Sulphate (mM)
F i g u r e  3 - 8  T h e  r e l a t i o n s h i p  b e t w e e n  S. n o u r s e i  b i o m a s s  p r o d u c e d  
i n  c o n t i n u o u s  c u l t u r e  a n d  t h e  s u l p h a t e  c o n t e n t  o f  t h e  c u l t u r e  
m e d i u m  ( P G M 3  w i t h  r e d u c e d  s u l p h a t e ) . L i n e  r e p r e s e n t s  a  l e a s t  
s q u a r e s  f i t  f o r  t h e  d a t a  (  y  =  1 1 . 9 7 x  +  0 . 6 2 5  ) .  T h e  c u l t u r e s  
w e r e  g r o w n  a t  2 8  ° C ,  p H  6 . 5  w i t h  a n  a e r a t i o n  r a t e  o f  3  l . m i n - 1  
a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  i n  3  1  o f  m e d i u m .
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A  p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  d i s c r e p a n c y  i s  t h a t ,  a s  s e e n  w i t h  
p h o s p h a t e - l i m i t e d  c u l t u r e s ,  s u l p h a t e - l i m i t e d  c e l l s  a d a p t  t o  t h e  
s h o r t a g e  b y  m a k i n g  m o r e  e f f i c i e n t  u s e  o f  t h e  l i m i t i n g  n u t r i e n t .
T h e  p r e s e n c e  o f  r e s i d u a l  g l y c e r o l ,  r e s i d u a l  p h o s p h a t e  a n d  
e x c r e t e d  a m m o n i a  i n  t h e  f i l t r a t e  f r o m  s u l p h a t e - l i m i t e d  c u l t u r e s  
( d a t a  i n  A p p e n d i x  2 )  i n d i c a t e d  t h a t  t h e  c a r b o n ,  p h o s p h a t e  a n d  
n i t r o g e n  s o u r c e s  w e r e  p r e s e n t  i n  e x c e s s .
3 . 1 . 7  P o t a s s i u m  R e q u i r e m e n t s
P o t a s s i u m  i s  u s e d  f o r  a  w i d e  r a n g e  o f  p u r p o s e s  w i t h i n  
m i c r o b i a l  c e l l s ,  u s u a l l y  a s  a  l o o s e l y  b o u n d  i o n .  A l t h o u g h  t h i s  
c a t i o n  m o v e s  f r e e l y  b e t w e e n  t h e  c y t o p l a s m  a n d  t h e  e n v i r o n m e n t ,  
m a k i n g  i t  d i f f i c u l t  t o  d e t e r m i n e  t h e  a m o u n t  w i t h i n  c e l l s , i t  i s  
p o s s i b l e  t o  e s t a b l i s h  p o t a s s i u m - l i m i t e d  c h e m o s t a t  c u l t u r e s .  T h e  
m i n i m u m  r e q u i r e m e n t s  o f  S. n o u r s e i  f o r  p o t a s s i u m  w e r e  a s s e s s e d  
u s i n g  t h i s  m e t h o d .
P o t a s s i u m - l i m i t e d  c u l t u r e s  w e r e  g r o w n  u n d e r  t h e  s t a n d a r d  
c o n d i t i o n s  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5  h r " ' 4' o n  P G M 2 .  T h e  I ^ H P O ^  i n  
t h e  m e d i u m  w a s  r e p l a c e d  b y  a n  e q u i m o l a r  a m o u n t  o f  N a 2 H P 0 4  a n d  a  
r a n g e  o f  p o t a s s i u m  c o n c e n t r a t i o n s  w e r e  o b t a i n e d  b y  s u i t a b l e  
a d d i t i o n s  o f  K C 1  s o l u t i o n  ( 2 M ) . T w o  e x p e r i m e n t s  w e r e  p e r f o r m e d  
a n d  i n  e a c h  c a s e  t h e r e  w a s  a  l i n e a r  r e s p o n s e  t o  i n c r e a s e s  i n  
p o t a s s i u m  c o n c e n t r a t i o n  ( F i g u r e  3 - 9 ) .
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L e a s t  s q u a r e s  f i t  c a l c u l a t i o n s  p r o v i d e  s i m i l a r  e s t i m a t e s  o f  
s l o p e  ( 1 . 7  x  1 0 d a n d  2 . 2  x  1 0 ^  g . m o l - 1 )  b u t  w i t h  v e r y  d i f f e r e n t
Q 1
v a l u e s  f o r  t h e  i n t e r c e p t s  ( 1 . 1 4  a n d  2 . 5 8 x  1 0  g . m o l  ) .  P o t a s s i u m  
c o n t a m i n a t i o n  i n  t h e  w a t e r  o r  r e a g e n t s  w a s  s u s p e c t e d  b u t  a t  t h e  
t i m e  n o  f a c i l i t i e s  w e r e  a v a i l a b l e  f o r  m e a s u r i n g  p o t a s s i u m .  
H o w e v e r ,  w h e n  T e m p e s t  e t  a l .  ( 1 9 6 6 )  o b t a i n e d  s i m i l a r  r e s u l t s  w i t h  
p o t a s s i u m - l i m i t e d  c u l t u r e s  o f  K. a e ro g e n e s  t h e y  f o u n d  n o  e v i d e n c e
F i g u r e  3 - 9  T h e  r e l a t i o n s h i p  b e t w e e n  s t e a d y - s t a t e  b i o m a s s  
p r o d u c e d  a n d  t h e  p o t a s s i u m  c o n t e n t  o f  t h e  c u l t u r e  m e d i u m  f o r
p o t a s s i u m - l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  S. n o u r s e i  g r o w n  a t  a
d i l u t i o n  r a t e  o f  0 . 0 5  h r " 1  i n  m o d i f i e d  P G M 2  m e d i u m .  C u l t u r e s  w e r e  
g r o w n  a t  2 8 ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  i n  3  1  o f  m e d i u m  
a e r a t e d  a t  3  l . m i n "  . T h e  r e s u l t s  o f  t w o  e x p e r i m e n t s  a r e  s h o w n  
e a c h  w i t h  a  l i n e  r e p r e s e n t i n g  a  l e a s t  s q u a r e s  f i t .
( • )  E x p e r i m e n t  1  B i o m a s s  =  1 . 7 3  [ K ]  +  1 . 1 4
( ■ )  E x p e r i m e n t  2  B i o m a s s  =  2 . 1 7  [ K ]  + 2 . 5 8
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o f  p o t a s s i u m  c o n t a m i n a t i o n  a n d  w e r e  t h u s  l e d  t o  p r o p o s e  t h a t  
t h e r e  w e r e  s u b s t a n c e ( s )  i n  t h e  m e d i u m  w h i c h  c o u l d  p a r t l y  r e p l a c e  
p o t a s s i u m .  A n a l y s i s  o f  S. noursei c u l t u r e  f i l t r a t e s  d e m o n s t r a t e d  
t h e  p r e s e n c e  o f  e x c r e t e d  a m m o n i a ,  r e s i d u a l  g l y c e r o l  a n d  p h o s p h a t e  
a t  a l l  p o t a s s i u m  l e v e l s  t e s t e d .  R e c e n t  w o r k  b y  B u u r m a n  e t  a l . 
( 1 9 8 9 )  s u g g e s t s  t h a t  a m m o n i a  c a n  s u b s t i t u t e  f o r  p o t a s s i u m  u n d e r  
s o m e  c i r c u m s t a n c e s  t h u s  r a i s i n g  t h e  p o s s i b i l i t y  t h a t  s u c h  a  
s u b s t i t u t i o n  c o u l d  p r o d u c e  a  p o t a s s i u m - s p a r i n g  e f f e c t .  A  
c o m p a r i s o n  o f  t h e  a p p a r e n t  r e q u i r e m e n t  f o r  p o t a s s i u m  ( 1 / Y ^  =  0 . 5  
m m o l . g  )  w i t h  t h e  r a t e  o f  e x c r e t i o n  o f  a m m o n i a  ( q ommAT11- ,  =  1 0cAIIUIl OII I* a.
m m o l . g . h r ’ 1 )  s u g g e s t s  t h a t  a d e q u a t e  s u p p l i e s  o f  a m m o n i a  w e r e  
a v a i l a b l e  f o r  s u c h  a  p u r p o s e .  S i n c e  t h e  w o r k  d e s c r i b e d  i n  t h i s  
t h e s i s  p r e - d a t e s  p u b l i c a t i o n  o f  t h e  p a p e r  o n  r e p l a c e m e n t  o f  
p o t a s s i u m  n o  f u r t h e r  e x p e r i m e n t a l  e v i d e n c e  i s  a v a i l a b l e  t o  
s u p p o r t  t h i s  h y p o t h e s i s .
3 . 1 . 8  I r o n  R e q u i r e m e n t s
E x p e r i m e n t s  t o  d e t e r m i n e  t h e  a m o u n t  o f  i r o n  r e q u i r e d  b y  S. 
n o u r s e i  h a d  o r i g i n a l l y  b e e n  r e g a r d e d  a s  t e c h n i c a l l y  d i f f i c u l t  a n d  
o f  d o u b t f u l  v a l u e .  T h e  p r e s e n c e  i n  t h e  c u l t u r e  v e s s e l  o f  l a r g e  
a m o u n t s  o f  s t a i n l e s s  s t e e l  a p p e a r e d  t o  b e  s u c h  a  r e a d y  s o u r c e  o f  
t r a c e s  o f  i r o n  t h a t  g r o w i n g  a n  i r o n - l i m i t e d  c u l t u r e  s e e m e d  
u n l i k e l y .  T h e s e  v i e w s  w e r e  m o d i f i e d  w h e n  e a r l y  c h e m o s t a t  
e x p e r i m e n t s  b e c a m e  s t a r v e d  o f  i r o n  d u e  t o  p r e c i p i t a t i o n  o f  t h e  
m e t a l  i n  t h e  m e d i u m  r e s e r v o i r .  A d d i n g  E D T A  ( 0 . 2 5  g . l  )  t o  t h e  
m e d i u m  k e p t  t h e  t r a c e  e l e m e n t s  i n  s o l u t i o n  m a k i n g  i t  p o s s i b l e  t o
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g r o w  s t a b l e  c h e m o s t a t  c u l t u r e s .  A s  a  r e s u l t  o f  t h e s e  o b s e r v a t i o n s  
a t t e m p t s  w e r e  m a d e  t o  g r o w  i r o n - l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  S .  
n o u r s e i  a n d  q u a n t i f y  i t s  r e q u i r e m e n t s .
T h e  E f f e c t s  o f  I r o n  S t a r v a t i o n  o n  G r o w t h  R a t e  i n  a  C h e m o s t a t
S t r e p t o m y c e s  n o u r s e i  w a s  g r o w n  o n  PGM2 i n  w h i c h  t h e  a m o u n t
o f  i r o n  a d d e d  h a d  b e e n  r e d u c e d  t o  1  /XM ( u s u a l l y  3 2 . 5  jUM) . T h e
c u l t u r e  g r e w  s l o w l y  (/X  =  0 . 0 0 8  h r " ' 4' )  i n  t h e  i n i t i a l  b a t c h  p h a s e
a n d  a  s t a b l e  c h e m o s t a t  c o u l d  o n l y  b e  e s t a b l i s h e d  w h e n  t h e
d i l u t i o n  r a t e  w a s  a d j u s t e d  t o  0 . 0 0 8  h r ” '4' .  T h e  s t e a d y - s t a t e
b i o m a s s  u n d e r  t h e s e  c o n d i t i o n s  s t a b i l i s e d  a t  6 . 3 3  ± 0 . 3 6  g . l " 3' a n d
i n c r e a s i n g  t h e  i r o n  c o n c e n t r a t i o n  b y  0 . 5  /XM. a p p e a r e d  t o  r a i s e
- 1t h i s  t o  6 . 9  ± 0 . 3 9  g . l "  . T h e  o b s e r v a t i o n s  s u g g e s t  t h a t  u n d e r  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  m o s t  o f  t h e  i r o n  i n  t h e  m e d i u m  w a s  
c o n t r i b u t e d  b y  m e d i u m  c o n s t i t u e n t s  o t h e r  t h a n  t h e  F e C l ^  
d e l i b e r a t e l y  a d d e d .
I r o n  l i m i t a t i o n  p r o d u c e d  s o m e  r e s u l t s  w h i c h  c o n t r a s t e d  
s h a r p l y  w i t h  t h o s e  s e e n  w i t h  o t h e r  l i m i t a t i o n s .  T h e  m o s t  o b v i o u s  
d i f f e r e n c e  w a s  t h a t  t h e  o r g a n i s m  e x c r e t e d  i n t o  t h e  m e d i u m  a  
p i g m e n t  w h i c h  i m p a r t e d  a  p i n k  c o l o u r a t i o n  t o  t h e  c u l t u r e .  A 
p a r t i c u l a r l y  w i d e  d i f f e r e n c e  b e t w e e n  t h e  e x i t  g a s  a n a l y s i s  
r e a d i n g s  w a s  a l s o  n o t e d  a n d  c a l c u l a t i o n s  p r o d u c e d  v a l u e s  o f  0 . 5 5  
f o r  RQ a n d  1 2 . 5  g . m o l ’ ’4' f o r  Y q 2 , c o n s i d e r a b l y  l o w e r  t h a n  t h o s e  
o b t a i n e d  f o r  c u l t u r e s  l i m i t e d  b y  c a r b o n  o r  n i t r o g e n  ( F i g u r e s  3 - 3 ,  
' 3 - 4 ) .  A n a l y s i s  o f  i r o n - l i m i t e d  c u l t u r e  f i l t r a t e s  s h o w e d  t h a t  a l l  
o f  t h e  a v a i l a b l e  g l y c e r o l  h a d  b e e n  m e t a b o l i s e d .
The dramatic effects upon growth rate seen in this
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e x p e r i m e n t  s u g g e s t s  t h a t  t h e  s u b s t r a t e  c o n c e n t r a t i o n  i n  t h e  
r e s e r v o i r  ( s r )  w a s  b e l o w  t h e  K g  f o r  i r o n .  T h u s  o n l y  b y  r e d u c i n g  
t h e  d i l u t i o n  r a t e  w e r e  t h e  o r g a n i s m s  a l l o w e d  s u f f i c i e n t  t i m e  t o  
a c c u m u l a t e  t h e  i r o n  t h e y  r e q u i r e d .  T h e  e x t e n d e d  p e r i o d s  r e q u i r e d  
f o r  e q u i l i b r a t i o n  o f  s l o w l y  g r o w i n g  c u l t u r e s  p r e c l u d e d  f u r t h e r  
e x p l o r a t i o n  o f  t h e  r e l a t i o n s h i p  o f  g r o w t h  r a t e  a n d  i r o n -  
l i m i t a t i o n .
A  p a r t i c u l a r l y  v i s i b l e  r e s u l t  o f  i r o n - l i m i t a t i o n  w a s  t h a t  
t h e  c u l t u r e s  p r o d u c e d  a  p i n k  p i g m e n t .  M a n y  m i c r o o r g a n i s m s  p r o d u c e  
m e t a l  c h e l a t o r s  i n  r e s p o n s e  t o  i r o n  s t a r v a t i o n  ( M u l l e r  a n d  
R a y m o n d ,  1 9 8 4 ;  N e i l a n d s ,  1 9 8 2 ;  V a n d e n b e r g h  e t  a l . ,  1 9 8 3 ;  W i l l i a m s  
e t  a l .  , 1 9 8 4 )  s o m e  o f  w h i c h  a r e  c o l o u r e d .  T h e  p i g m e n t  p r o d u c e d  b y  
S .  n o u r s e i  m a y  t h u s  b e  a n  i r o n  c h e l a t o r ,  a l t h o u g h  f u r t h e r  
e x p e r i m e n t s  w o u l d  b e  r e q u i r e d  t o  c o n f i r m  t h i s  h y p o t h e s i s .  I r o n  
c o n t a i n i n g  m o l e c u l e s  p r o d u c e d  w i t h i n  c e l l s  n o r m a l l y  h a v e  a  
c a t a l y t i c  f u n c t i o n  a n d  i n  t h e  c a s e  o f  t h e  c y t o c h r o m e s  t h i s  
f u n c t i o n  i s  o f  c e n t r a l  i m p o r t a n c e  i n  r e s p i r a t i o n .  T h e  l o w e r  RQ 
a n d  r e d u c e d  y i e l d  o n  o x y g e n  o f  i r o n - l i m i t e d  c e l l s  w a s  c o n s i s t e n t  
w i t h  a  r e d u c e d  e f f i c i e n c y  o f  r e s p i r a t i o n  p o s s i b l y  a s s o c i a t e d  w i t h  
a  r e d u c t i o n  i n  t h e  c y t o c h r o m e  c o n t e n t .  T h e  e x p e n d i t u r e  o f  
a d d i t i o n a l  e n e r g y  a s s o c i a t e d  w i t h  s c a v e n g i n g  o f  i r o n  a l s o  s e e m e d  
l i k e l y  t o  r e d u c e  t h e  o v e r a l l  e f f i c i e n c y  o f  g r o w t h .
T h e  c y t o c h r o m e  s p e c t r a  o f  m e m b r a n e  f r a c t i o n s  f r o m  f l a s k  
c u l t u r e s  g r o w n  i n  n o r m a l ,  h i g h  a n d  l o w  i r o n  m e d i a  w e r e  r e c o r d e d .  
A l t h o u g h  t h e  s p e c t r a l  d a t a  c o u l d  n o t  b e  r e g a r d e d  a s  d e f i n i t i v e  
t h e r e  w e r e  i n d i c a t i o n s  t h a t  c e l l s  f r o m  l o w - i r o n  c u l t u r e s  h a d  a  
l o w e r  c y t o c h r o m e  c o n t e n t .  T h e  i r o n  s t a r v e d  c u l t u r e s  a l s o  e x c r e t e d  
t h e  p i n k  p i g m e n t  t h o u g h t  t o  b e  a n  i r o n  c h e l a t o r .
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3.1.9 Magnesium Requirements
T h e  l a s t  o f  t h e  m a j o r  n u t r i e n t s  f o r  w h i c h  m i n i m u m  
r e q u i r e m e n t s  w e r e  q u a n t i f i e d  w a s  m a g n e s i u m .  A l t h o u g h  t h e  m a i n  a i m  
o f  t h e  w o r k  w a s  t o  e n s u r e  t h a t  t h e  m e d i a  c o n t a i n e d  a d e q u a t e  
s u p p l i e s  o f  t h i s  m e t a l  i t  w a s  r e c o g n i s e d  t h a t  m a g n e s i u m  
l i m i t a t i o n  c o u l d  b e  u s e d  a s  a n  a l t e r n a t i v e  p h y s i o l o g i c a l  s t r e s s .  
S i n c e  m a g n e s i u m  h a s  a  m a j o r  r o l e  i n  s t a b i l i s i n g  r i b o s o m e  
c o m p l e x e s  i t  w a s  t h o u g h t  t h a t ,  a s  w i t h  s u l p h u r ,  l i m i t a t i o n  o f  
t h i s  e l e m e n t  w o u l d  r e g u l a t e  g r o w t h  a t  t h e  l e v e l  o f  p r o t e i n  
s y n t h e s i s ,  a l t h o u g h  i t  h a s  b e e n  s u g g e s t e d  ( C o o n e y  e t  a l . , 1 9 7 6 )  
t h a t  n u c l e i c  a c i d  s y n t h e s i s  o r  c e l l  w a l l  a n d / o r  m e m b r a n e  
p e r m e a b i l i t y  c o u l d  b e  a f f e c t e d .
T h e  E f f e c t s  o f  E D T A  U p o n  G r o w t h  R a t e  a n d  Y i e l d  o f  M a g n e s i u m -  
L i m i t e d  C h e m o s t a t  C u l t u r e s
T h e  c h e l a t o r  E D T A  i n c l u d e d  i n  t h e  m e d i a  t o  k e e p  i r o n  i n  
s o l u t i o n  a l s o  c h e l a t e s  d i v a l e n t  c a t i o n s  a n d  t h u s  a p p e a r e d  l i k e l y  
t o  i n t e r f e r e  i n  c u l t u r e s  l i m i t e d  b y  m a g n e s i u m .  S h a k e n  f l a s k  
e x p e r i m e n t s  u s i n g  a  r a n g e  o f  m a g n e s i u m  c o n c e n t r a t i o n s  i n  PGM2 
m e d i u m  ( S e c t i o n  2 . 1 . 3 )  s h o w e d  t h a t  i n c l u s i o n  o f  0 . 8 6  mM EDTA 
r e s u l t e d  i n  a  r e d u c t i o n  o f  g r o w t h  r a t e  ( F i g u r e  3 - 1 0 ) .  T h e  m a x i m u m  
b i o m a s s  a t t a i n e d  w a s  o n l y  r e d u c e d  w h e n  t h e  i n i t i a l  m a g n e s i u m  
c o n c e n t r a t i o n  w a s  b e l o w  0 . 5  mM.
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Magnesium concentration (mM)
F i g u r e  3 - 1 0  D r y  w e i g h t  o f  S .  n o u r s e i  c e l l s  i n  r e l a t i o n  t o  
m a g n e s i u m  c o n c e n t r a t i o n  f o r  s h a k e n  f l a s k  c u l t u r e s  g r o w n  a t  2 8  ° C  
i n  m o d i f i e d  PGM2 w i t h  a n d  w i t h o u t  E D T A .  S a m p l e s  w e r e  t a k e n  3 a n d  
5 d a y s  a f t e r  I n o c u l a t i o n .
■ No EDTA, 3 days • 0 .8 6  mM EDTA, 3 days
□ No EDTA, 5 days O 0 .8 6  mM EDTA, 5 days
C h e m o s t a t  e x p e r i m e n t s  s h o w e d  t h a t ,  i n  t h e  a b s e n c e  o f  E D T A ,  
t h e  a m o u n t  o f  b i o m a s s  p r o d u c e d  w a s  d i r e c t l y  p r o p o r t i o n a l  t o  
m a g n e s i u m  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  0 . 2  t o  0 . 4  mM ( F i g u r e  3 -  
11) .
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s q u a r e s  f i t  a s  2 2  g . m m o l ’ 1  a n d  t h e  Mm a x  e s t i m a t e d  b y  t h e  w a s h o u t
_ 1
m e t h o d  ( S e c t i o n  2 . 3 . 4 )  w a s  a r o u n d  0 . 1 5  h r  . I n c l u d i n g  E D T A  i n  
t h e  m e d i u m  r e d u c e d  t h e  g r o w t h  r a t e  a t  a l l  l e v e l s  t e s t e d .
The yield on magnesium (Y^g) was estimated from a least
M a g n e s i u m  c o n c e n t r a t i o n  ( m M )
F i g u r e  3 - 1 1  A  c o m p a r i s o n  o f  t h e  r a t e  o f  g r o w t h  a n d  b i o m a s s  y i e l d  
i n  r e l a t i o n  t o  m a g n e s i u m  c o n c e n t r a t i o n  f o r  m a g n e s i u m - l i m i t e d  
c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  i n  m o d i f i e d  PGM2 w i t h  a n d  
w i t h o u t  0 . 8 6  mM E D T A .  M e d i a  c o n t a i n i n g  E D T A  a n d  l e s s  t h a n  0 . 5  mM 
m a g n e s i u m  w o u l d  o n l y  s u s t a i n  c u l t u r e s  g r o w n  a t  l o w  d i l u t i o n  r a t e s  
( D  =  0 . 0 2  h r ” ) ,  f o r  a l l  o t h e r s  D =  0 . 0 5  h r ’ 1 . C u l t u r e s  w e r e  
g r o w n  a t  2 8  ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  i n  3 1  o f  m e d i u m  
a e r a t e d  a t  3 l . m i n "  .
— Biomass,  no EDTA — Biomass,  0 .8 6  mM EDTA
—E3— Growth ra te , no EDTA —© - Growth ra te , 0 .8 6  mM EDTA
95
C u l t u r e s  c o n t a i n i n g  l e s s  t h a n  0 . 6  mM m a g n e s i u m  w e r e  w a s h e d
o u t  u n l e s s  t h e  d i l u t i o n  r a t e  w a s  r e d u c e d  b e l o w  t h e  s e t t i n g  o f  
-10 . 0 5  h r  n o r m a l l y  u s e d  w h e n  s t u d y i n g  n u t r i e n t  r e q u i r e m e n t s .  
U s i n g  t h e  d a t a  f o r  m a g n e s i u m  l e v e l s  a b o v e  0 . 6  mM g a v e  a n  e s t i m a t e  
o f  9 . 4  g . m m o l " 1  f o r  Y ^ g  i n  t h e  p r e s e n c e  o f  E D T A .  E x t r a p o l a t i o n  o f  
t h e  f i t t e d  l i n e  i n d i c a t e d  t h a t  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5  h r " 1 
b i o m a s s  t e n d s  t o  z e r o  f o r  m a g n e s i u m  c o n c e n t r a t i o n s  b e l o w  0 . 4  mM. 
C l e a r l y  Y M g v a l u e s  f o r  t h e  E D T A  c o n t a i n i n g  c u l t u r e s  w e r e  g r o w t h  
r a t e  d e p e n d e n t  s i n c e  s t e a d y - s t a t e  b i o m a s s  c o n c e n t r a t i o n s  o f  u p  t o
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3 g . l  w e r e  o b t a i n e d  a t  l o w e r  d i l u t i o n  r a t e s .
C u l t u r e s  l i m i t e d  b y  f r e e  m a g n e s i u m  e x c r e t e d  m o r e  a m m o n i a  p e r  
u n i t  b i o m a s s  a n d  c o n s u m e d  m o r e  g l y c e r o l  ( F i g u r e  3 - 1 2 )  t h a n  a l l  
b u t  o n e  o f  t h o s e  g r o w n  i n  t h e  p r e s e n c e  o f  E D T A .  T h e  e x c e p t i o n  w a s  
c u l t u r e s  g r o w i n g  o n  ED T A  +  1 . 5  mM m a g n e s i u m ,  w h i c h  c o n s u m e d
a l m o s t  a l l  o f  t h e  g l y c e r o l  a n d  e x c r e t e d  v e r y  l i t t l e  a m m o n i a ,  
p e r h a p s  I n d i c a t i n g  t h a t  t h e  c u l t u r e s  w e r e  s h i f t i n g ,  f r o m  
m a g n e s i u m ,  t o  n i t r o g e n  a s  t h e  l i m i t i n g  n u t r i e n t .  G l y c e r o l  
c o n s u m p t i o n  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5  h r - 1 , w i t h  EDTA c o n t a i n i n g  
c u l t u r e s ,  a p p r o a c h e d  z e r o  w h e n  t h e  g r o w t h  r a t e  l i m i t  i m p o s e d  b y  
t h e  m a g n e s i u m : E D T A  b a l a n c e  o f  t h e  m e d i u m  ( F i g u r e  3 - 1 1 )  w a s  
s i m i l a r  t o  t h a t  s e t  b y  t h e  d i l u t i o n  r a t e .  A  s i m i l a r  p a t t e r n  
a p p e a r e d  t o  a p p l y  t o  t h e  c u l t u r e s  w h i c h  w e r e  g r o w n  a t  D = 0 . 0 2  h r " 1
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a. Glycerol consumption
Magnesium content ImMl
b. Ammonia production
Magnesium content (mMI
F i g u r e  3 - 1 2  M e t a b o l i c  q u o t i e n t s  f o r  a .  g l y c e r o l  a n d  b .  a m m o n i a  i n  
r e l a t i o n  t o  m a g n e s i u m  c o n c e n t r a t i o n  f o r  m a g n e s i u m - l i m i t e d  
c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  i n  PGM2 ( □ )  w i t h  0 . 8 6  mM 
E D T A  a n d  ( + )  w i t h o u t  E D T A .  M e d i a  c o n t a i n i n g  E D T A  a n d  l e s s  t h a n
0 . 5  mM m a g n e s i u m  w o u l d  o n l y  s u s t a i n  c u l t u r e s  g r o w n  a t  l o w  
d i l u t i o n  r a t e s  ( D  == 0 . 0 2  h r " 1 ) ,  f o r  a l l  o t h e r s  D =  0 . 0 5  h r " 1 . 
C u l t u r e s  w e r e  g r o w n  a t  2 8  ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  i n  3 
1  o f  m e d i u m  a e r a t e d  a t  3  l . m i n  .
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C o n s i d e r a t i o n  o f  t h e s e  o b s e r v a t i o n s  i n  c o n j u n c t i o n  w i t h  
t h o s e  d i s c u s s e d  i n  s e c t i o n  3 . 1 . 4  l e a d s  t o  t h e  s u g g e s t i o n  t h a t ,  i n  
E D T A - c o n t a i n i n g  c u l t u r e s ,  g r o w t h - i n d e p e n d e n t  o x i d a t i o n  o f  c a r b o n  
s o u r c e s  w a s  c o m p e t i n g  w i t h  g r o w t h  f o r  n u t r i e n t s  o r  m e t a b o l i t e s .  
S i n c e  m a g n e s i u m  l i m i t a t i o n  a l o n e  d o e s  n o t  a p p e a r  t o  l i m i t  g r o w t h  
r a t e  i t  s e e m e d  p o s s i b l e  t h a t  E D T A  w a s  e x e r t i n g  e f f e c t s  u p o n  t h e  
o r g a n i s m  b y  m e c h a n i s m s  o t h e r  t h a n  m a g n e s i u m  c h e l a t i o n .  A  p o s s i b l e  
e x p l a n a t i o n  w a s  t h a t  E D T A ,  w h i c h  h a s  a  p a r t i c u l a r l y  h i g h  a f f i n i t y  
f o r  i r o n ,  c o p p e r  z i n c  a n d  c o b a l t  ( P i r t  1 9 7 5 ) ,  m i g h t  b e  
r e s t r i c t i n g  t h e  s u p p l y  o f  t h e s e  o t h e r  n u t r i e n t s .  T r a c e  e l e m e n t  
s h o r t a g e  h a s  b e e n  r e p o r t e d  t o  a f f e c t  m i c r o b i a l  g r o w t h  r a t e s  
( S u m m e r s  e t  a l . ,  1 9 7 9 )  a n d  e x p e r i m e n t s  w i t h  i r o n - l i m i t e d  c u l t u r e s  
( v s . )  i n d i c a t e d  t h a t  t h i s  w a s  a l s o  t h e  c a s e  w i t h  S .  n o u r s e i .  T h e
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i n c r e a s e s  i n  + m a x  a.s t h e  M g  : E D T A  r a t i o  w a s  r a i s e d  c o u l d  t h u s  b e  
a t t r i b u t e d  t o  t h e  m o r e  n u m e r o u s  m a g n e s i u m  i o n s  d i s p l a c i n g  t h e  
m o r e  t i g h t l y  b o u n d  t r a c e  e l e m e n t s  f r o m  ED T A  c h e l a t e s .
T h e  a b s e n c e  f r o m  t h e  s l o w l y  g r o w i n g  c u l t u r e s ,  o f  t h e  p i n k  
p i g m e n t  a s s o c i a t e d  w i t h  i r o n  s t a r v a t i o n  i n d i c a t e d  t h a t  t r a c e  
m e t a l  s h o r t a g e  w a s  n o t  t h e  o n l y  p o s s i b l e  e x p l a n a t i o n .  E D T A  h a s  
b e e n  s h o w n  t o  i n t e r f e r e  w i t h  t h e  o p e r a t i o n  o f  t h e  r e s p i r a t o r y  
s y s t e m  o f  M e t h y l o p h i l u s  m e t h y l o t r o p h u s  ( C a r v e r  e t  a l . ,  1 9 8 4 )  a n d  
i n  t h i s  c a s e  e f f e c t s  u p o n  m a g n e s i u m  d e p e n d e n t  p r o c e s s e s  w e r e
t h o u g h t  t o  b e  i n v o l v e d .  A n  a l t e r n a t i v e  m e c h a n i s m  f o r  r e s t r i c t i n g
g r o w t h  r a t e  m i g h t  b e  a  l o w e r i n g  o f  t h e  f r e e  m a g n e s i u m
c o n c e n t r a t i o n  t o  v a l u e s  c o m p a r a b l e  w i t h  K s  f o r  m a g n e s i u m .  
H o w e v e r ,  i n  t h e  E D T A - f r e e  c u l t u r e s  t h e  a m o u n t  o f  m a g n e s i u m
_ i
r e q u i r e d  t o  s u p p o r t  4  g . l  o f  b i o m a s s  w a s  s u f f i c i e n t  t o  a l l o w  
r a p i d  g r o w t h .  T h u s  t h e  a m o u n t  o f  b i o m a s s  i n  t h e  E D T A  c o n t a i n i n g
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c u l t u r e s  w a s  n o t  c o n s i s t e n t  w i t h  a  l o w  s u b s t r a t e  c o n c e n t r a t i o n  
s i n c e  t h e  s t e a d y - s t a t e  b i o m a s s  ( x )  i n  c h e m o s t a t  c u l t u r e  m a y  b e  
e s t i m a t e d  f r o m  t h e  g r o w t h  y i e l d  ( Y  )  a n d  t h e  s u b s t r a t e
c o n c e n t r a t i o n  i n  t h e  c u l t u r e  ( s ) a n d  i n  t h e  r e s e r v o i r  ( s r )  a s
f o l l o w s : -
x = Y ( s r - s )  ( O w e n s  a n d  L e g a n  1 9 8 7 )
A n  e x p l a n a t i o n  o f  t h e  o b s e r v a t i o n s  w a s  p r o p o s e d  w h i c h  a s s u m e d
t h a t  f r e e  m a g n e s i u m  ( s f r e e )  w a s  e q u i l i b r i u m  w i t h  a  m u c h  l a r g e r  
a m o u n t  o f  c h e l a t e d  m e t a l .  T h e  o r g a n i s m  u n d e r  s u c h  c o n d i t i o n s  
c o u l d  c o n t i n u e  t o  c o n s u m e  m a g n e s i u m  a t  a  r a t e  g o v e r n e d  b y  K s  a n d  
s  w i t h  l i t t l e  e f f e c t  u p o n  s  u n t i l  a  s i g n i f i c a n t  p r o p o r t i o n  o f  t h e  
c h e l a t e d  m e t a l  h a d  b e e n  u s e d .  T h u s : -
^ m a x 1 s f r e e
M =  .....................
(Kg + s f r e e )
a n d
x  -  Y  (  s r  s f r e e  )
a s  S f r e e  - - > 0  f l  - - >  0  a n d  x  - - >  Y s . s r
T h e  i n c o r p o r a t i o n  o f  E D T A  i n t o  t h e  c u l t u r e  m e d i u m  c l e a r l y  
m o d i f i e d  t h e  m e t a b o l i s m  o f  S .  n o u r s e i  b y  m e c h a n i s m s  w h i c h  w e r e  
n o t  r e a d i l y  d e f i n e d .  S i n c e  f u r t h e r  i n v e s t i g a t i o n  o f  t h e s e  e f f e c t s  
w a s  o u t s i d e  t h e  s c o p e  o f  t h i s  p r o j e c t  E D T A  w a s  e l i m i n a t e d  a s  a  
p o s s i b l e  m e d i u m  c o n s t i t u e n t  a n d  a c i d i f i c a t i o n  o f  t h e  m e d i u m  
r e s e r v o i r  a d o p t e d  a s  a  m e a n s  o f  r e t a i n i n g  t r a c e  e l e m e n t s  i n  
s o l u t i o n .
9 9
3 . 1 . 1 0  D e s i g n  C r i t e r i a  f o r  M e d i a  U s e d  D u r i n g  I n v e s t i g a t i o n s  o f  
N y s t a t i n  P r o d u c t i o n  i n  C h e m o s t a t  C u l t u r e
T h e  r e s u l t s  r e l a t i n g  t o  n u t r i e n t  r e q u i r e m e n t s  o f  S .  n o u r s e i ,  
t o g e t h e r  w i t h  s o m e  o f  t h e  i n c i d e n t a l  o b s e r v a t i o n s , p r o v i d e d  a  
s o u n d  b a s i s  u p o n  w h i c h  m e d i a  w e r e  d e s i g n e d  f o r  s u b s e q u e n t  
e x p e r i m e n t s .  T h e  f i r s t  m e d i u m ,  b a s e d  u p o n  p r o l i n e ,  w a s  f o u n d  t o  
s u p p o r t  n y s t a t i n  p r o d u c t i o n  I n  c h e m o s t a t  c u l t u r e .  T h e  c r i t e r i a  
u s e d  i n  t h e  d e s i g n  o f  t h i s  s u c c e s s f u l  m e d i u m  w e r e  a l s o  a p p l i e d  i n  
f o l l o w  u p  e x p e r i m e n t s  w h e r e  c a t a b o l i t e s  o f  p r o l i n e  s u c h  a s  
g l u t a m a t e  a n  2 - o x o - g l u t a r a t e  w e r e  u s e d  i n  i t s  p l a c e .
C u l t u r e  D e n s i t y
T h e  p s e u d o - v i s c o s i t y  a s s o c i a t e d  w i t h  s u s p e n s i o n s  o f  
f i l a m e n t o u s  o r g a n i s m s  p a r t i c u l a r l y  a t  h i g h  c e l l  d e n s i t i e s  c a n  
i n t e r f e r e  w i t h  m i x i n g  i n  f e r m e n t e r s . S i n c e  c h e m o s t a t  t h e o r y  
a s s u m e s  t h a t  a l l  c e l l s  i n  t h e  c u l t u r e  a r e  e x p o s e d  t o  t h e  s a m e  
c o n d i t i o n s  t h e  c o n c e n t r a t i o n  o f  t h e  l i m i t i n g  n u t r i e n t  w a s  
a d j u s t e d  s o  t h a t  t h e  c u l t u r e  d e n s i t y  d i d  n o t  p r e v e n t  a d e q u a t e  
m i x i n g .  I n  p r a c t i c e  t h i s  m e a n t  t h a t  t h e  m e d i a  s u p p o r t e d  7 t o  8 
g . l - 1  d r y  w e i g h t  o f  c e l l s .
S u p p l y  o f  N o n - l i m i t i n g  N u t r i e n t s
N u t r i e n t s  n o t  i n t e n d e d  t o  b e  l i m i t i n g  w e r e  i n c l u d e d  I n  t h e  
m e d i a  a t  l e v e l s  w h i c h ,  a c c o r d i n g  t o  t h e  y i e l d  d a t a  a v a i l a b l e ,  
w o u l d  s u p p o r t  a t  l e a s t  1 0  g . l - 1  o f  b i o m a s s .  T h e  e l e m e n t s  s u l p h u r ,
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m a g n e s i u m ,  p o t a s s i u m  a n d  i r o n  w e r e  c o n s i d e r a b l y  i n  e x c e s s  o f  t h i s  
s p e c i f i c a t i o n  b u t  t h e  t h r e e  e l e m e n t s  r e g a r d e d  a s  p a r t i c u l a r l y  
i m p o r t a n t ,  c a r b o n ,  n i t r o g e n  a n d  p h o s p h a t e  w e r e  m o r e  c l o s e l y  
c o n t r o l l e d .
B u f f e r s
N o n e  o f  t h e  m e d i a  u s e d  i n  f e r m e n t e r  b a s e d  s t u d i e s  o f  
n y s t a t i n  p r o d u c t i o n  c o n t a i n e d  b u f f e r s  s i n c e  t h e  c o n t r o l  s y s t e m  o f  
t h e  c h e m o s t a t  m a i n t a i n e d  i t  a t  a  s t e a d y  p H .  T h e  t i t r a n t s  u s e d  
( N a O H ,  H C 1 )  h a v e  l i t t l e  o r  n o  n u t r i t i o n a l  v a l u e  a l t h o u g h  t h e  i o n s  
s o d i u m  a n d  c h l o r i d e  a r e  p r e s e n t  i n  a l m o s t  a l l  e n v i r o n m e n t s  
e n c o u n t e r e d  b y  m i c r o o r g a n i s m s .  S i n c e  t h e  p r o d u c t i o n  o f  s o m e  
a n t i b i o t i c s  c a n  b e  a f f e c t e d  b y  t h e  s a l t  c o n t e n t  o f  t h e  m e d i u m  
( I w a i  a n d  O m u r a ,  1 9 8 2 )  a  s m a l l  a m o u n t  o f  s o d i u m  c h l o r i d e  w a s  
i n c o r p o r a t e d  i n t o  a l l  m e d i a  t o  m i n i m i s e  d i f f e r e n c e s  b e t w e e n  
c u l t u r e s  r e s u l t i n g  f r o m  t i t r a n t  a d d i t i o n s .
C h e l a t o r s
C h e l a t o r s  w e r e  o m i t t e d  f r o m  t h e  c u l t u r e  m e d i a  u s e d  f o r  
i n v e s t i g a t i o n s  o f  n y s t a t i n  p r o d u c t i o n  b e c a u s e  t h e r e  w e r e  
i n d i c a t i o n s  t h a t  t h e  g r o w t h  r a t e  o f  S .  n o u r s e i  c o u l d  b e  a f f e c t e d  
b y  E D T A .  T h e  p r o b l e m s  e n c o u n t e r e d  w i t h  p r e c i p i t a t i o n  o f  t h e  t r a c e  
e l e m e n t s  i n  t h e  f e e d  r e s e r v o i r  w e r e  o v e r c o m e  b y  a c i d i f y i n g  i t s  
c o n t e n t s  a n d  r e l y i n g  u p o n  t h e  p H  c o n t r o l  s y s t e m  t o  c o m p e n s a t e  f o r  
t h e  i n f l o w  o f  a c i d i c  m e d i u m .
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Carbon Nitrogen Balance
T h e  d a t a  o n  n u t r i e n t  r e q u i r e m e n t s  w e r e  c o l l e c t e d  s o  t h a t  
n y s t a t i n  p r o d u c t i o n  a n d  o v e r f l o w  m e t a b o l i s m  c o u l d  b e  i n v e s t i g a t e d  
i n  c b e m o s t a t s  w h e r e  t h e  a m o u n t s  o f  n o n - l i m i t i n g  n u t r i e n t s  w e r e  a s  
c a r e f u l l y  d e f i n e d  a s  t h a t  o f  t h e  l i m i t i n g  n u t r i e n t .  T h e  a m o u n t  o f  
c a r b o n  p r o v i d e d  t o  n i t r o g e n - l i m i t e d  c u l t u r e s  a p p e a r e d  t o  b e  
p a r t i c u l a r l y  i m p o r t a n t  a n d  t h e  f i r s t  m e d i a  t e s t e d  r e f l e c t e d  t h i s .
A  c a r b o n - l i m i t e d  m e d i u m  w h e r e  p r o l i n e  ( 1 0 0  mM) a c t e d  a s  t h e  
s o l e  c a r b o n  a n d  n i t r o g e n  s o u r c e  w a s  t h e  f i r s t  t e s t e d .  T h i s  m e d i u m  
w a s  i n t e n d e d  t o  p r o v i d e  c o n d i t i o n s  w h e r e  n o  o v e r f l o w  m e t a b o l i s m  
a n d  l i t t l e  o r  n o  a n t i b i o t i c  p r o d u c t i o n  w a s  e x p e c t e d .  T h e  
r e s u l t i n g  e x p e r i m e n t a l  d a t a  w e r e  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  
w i t h  a  m e d i u m  w h e r e  t h e  p r o l i n e  n i t r o g e n  ( 6 0  mM) l i m i t e d  g r o w t h  
a n d  e x c e s s  c a r b o n  w a s  p r o v i d e d  b y  i n c l u d i n g  g l y c e r o l .  T h e  C : N  
r a t i o  ( 1 0 : 1 )  f e l l  w i t h i n  t h e  r a n g e  w h e r e  t h e  c a p a c i t y  o f  t h e  
c u l t u r e  t o  o x i d i s e  e x c e s s  g l y c e r o l  w a s  n o t  s a t u r a t e d .  T h e  
p o s s i b i l i t y  t h a t  t h e  u n u s e d  g l y c e r o l  m i g h t  r e p r e s s  a n t i b i o t i c  
s y n t h e s i s  w a s  t h u s  a v o i d e d .
M e d i a  B a s e d  o n  P r o l i n e  C a t a b o l i t e s
I n t e r e s t i n g  r e s u l t s  o b t a i n e d  w i t h  p r o l i n e - n i t r o g e n - l i m i t e d  
c u l t u r e s  p r o m p t e d  f u r t h e r  i n v e s t i g a t i o n s  w i t h  a l t e r n a t i v e  
n i t r o g e n  s o u r c e s .  A  s e r i e s  o f  m e d i a  w e r e  t e s t e d  w h e r e  p r o l i n e  w a s  
r e p l a c e d  w i t h  a n  e q u i m o l a r  a m o u n t  o f  i t s  c a t a b o l i t e s ,  i n  o n e  w i t h  
g l u t a m a t e  a n d  i n  a  s e c o n d  w i t h  2 - o x o - g l u t a r a t e .  T h e  l a t t e r  m e d i u m
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l a c k e d  a n y  a m i n o  a c i d  n i t r o g e n  a n d  t h i s  w a s  p r o v i d e d  i n s t e a d  b y  
a m m o n i a .  A l l  o f  t h e s e  m e d i a  r e t a i n e d  t h e  1 0 : 1  C : N  r a t i o .  T h e  
f i n a l  g r o u p  o f  m e d i a  t e s t e d  p r o v i d e d  a l l  o f  t h e  c a r b o n  a s  
g l y c e r o l  a n d  t h e  n i t r o g e n  a s  a m m o n i a .  T h e  g l y c e r o l  m e d i a  w e r e  
u s e d  t o  i n v e s t i g a t e  t h e  e f f e c t  u p o n  o v e r f l o w  m e t a b o l i s m  a n d  
n y s t a t i n  p r o d u c t i o n  o f  c h a n g i n g  t h e  C : N  r a t i o .
S h a k e n  F l a s k  M e d i a
W h e n  t h e  m e d i a  d e s i g n e d  f o r  c h e m o s t a t  w o r k  w e r e  u s e d  i n  
s h a k e  f l a s k s  t h e  a b s e n c e  o f  a  p H  c o n t r o l  s y s t e m  m a d e  i t  n e c e s s a r y  
t o  i n c l u d e  a  b u f f e r .  S i n c e  MOPS w a s  k n o w n  t o  b e  c o m p a t i b l e  w i t h  
S .  n o u r s e i  t h i s  w a s  t h e  c o m p o u n d  c h o s e n  f o r  t h i s  p u r p o s e .  T h e  pH 
v a l u e s  o f  s o m e  o f  t h e  c h e m o s t a t  m e d i a  w e r e  e x t r e m e ,  s o  t h e  
s t a r t i n g  p H  o f  a l l  m e d i a  u s e d  i n  s h a k e n  f l a s k s  w a s  a d j u s t e d  t o
6 . 5  a s  i n  t h e  o r i g i n a l  CAB m e d i u m .
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3 . 2  C h e m o s t a t  C u l t u r e s  o f  S t r e p t o m y c e s  n o u r s e i  i n  P r o l i n e  B a s e d  
M e d i a  a t  a  R a n g e  o f  D i l u t i o n  R a t e s
T h e  e x p e r i m e n t a l  w o r k  d e s c r i b e d  i n  s e c t i o n  3 . 1  h a d  l e d  t o  t h e  
f o r m u l a t i o n  o f  a  c u l t u r e  m e d i u m  w h i c h  s u p p l i e d  a l l  o f  t h e  
n u t r i e n t s  r e q u i r e d  t o  s u p p o r t  g r o w t h  o f  S .  n o u r s e i .  T h e  a m o u n t  o f  
e a c h  n u t r i e n t  w h i c h  w o u l d  b e  c o n s u m e d  c o u l d  b e  p r e d i c t e d  w i t h  
r e a s o n a b l e  c o n f i d e n c e  a n d  s u b s t a n c e s  w h i c h  m i g h t  i n t e r f e r e  w i t h  
t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  ( b u f f e r s ,  c h e l a t o r s )  w e r e  e x c l u d e d .  
T h e  m e d i u m  w a s  k n o w n  t o  b e  s u i t a b l e ,  w h e n  u s e d  w i t h  w e l l  t r i e d  
p h y s i c a l  c o n d i t i o n s ,  f o r  g r o w i n g  d i s p e r s e d  c u l t u r e s  o f  S .  n o u r s e i  
i n  a  c h e m o s t a t .  T h e  m o d e l  s y s t e m  h a d  b e e n  d e v e l o p e d  f o r  
i n v e s t i g a t i o n s  o f  t h e  r e l a t i o n s h i p s ,  i f  a n y ,  b e t w e e n  n y s t a t i n  
p r o d u c t i o n  a n d  o v e r f l o w  m e t a b o l i s m  a n d  t h e  r e s u l t s  o f  t h e s e  
s u b s e q u e n t  e x p e r i m e n t s  a r e  p r e s e n t e d  b e l o w .
C u l t u r e s  o f  S .  n o u r s e i  w e r e  g r o w n  i n  t h e  c h e m o s t a t  a t  a  
r a n g e  o f  d i l u t i o n  r a t e s  w i t h  t h e  t e m p e r a t u r e  s e t  t o  2 8  QC ,  p H  t o
6 . 5  a n d  s t i r r e r  s p e e d  t o  1 0 0 0  r . p . m .  P r o d u c t i o n  o f  n y s t a t i n ,  
c y c l o h e x i m i d e  a n d  o r g a n i c  a c i d s  w a s  m o n i t o r e d  a l o n g  w i t h  l e v e l s  
o f  t h e  m a j o r  n u t r i e n t s .  T w o  m e d i a  w e r e  e m p l o y e d ,  p r o l i n e  c a r b o n -  
l i m i t e d  m e d i u m  ( P C L ,  s e c t i o n  2 . 1 . 2 ) ,  i n  w h i c h  p r o l i n e  w a s  s o l e  
c a r b o n  a n d  n i t r o g e n  s o u r c e ,  a n d  a  p r o l i n e  g l y c e r o l  m e d i u m  ( P G M 3 ,  
s e c t i o n  2 . 1 . 3 )  w h i c h  p r o v i d e d  n i t r o g e n - l i m i t e d  c o n d i t i o n s .  T h e  
l i m i t i n g  n u t r i e n t  l e v e l  i n  e a c h  c a s e  w a s  a d j u s t e d  t o  y i e l d  7  t o  9  
g  d r y  w e i g h t  o f  b i o m a s s  p e r  l i t r e  i n  t h e  p r e s e n c e  o f  e n o u g h  n o n ­
l i m i t i n g  n u t r i e n t s  t o  s u p p o r t  a t  l e a s t  1 2  g . l ” 1 . T h e  u s e  o f  p H  
c o n t r o l  o b v i a t e d  t h e  n e e d  f o r  b u f f e r s  a n d  t o  a v o i d  t h e  i n c l u s i o n
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o f  c h e l a t o r s  t h e  m e d i u m  i n  t h e  r e s e r v o i r  w a s  a c i d i f i e d .  S t i r r i n g  
o f  t h e  m e d i u m  a n d  t h e  u s e  o f  s m a l l - b o r e  f e e d  l i n e s  p r e v e n t e d  
s e t t l i n g  o f  a n y  p r e c i p i t a t e  w h i c h  m a y  h a v e  f o r m e d .
U n d e r  b o t h  c a r b o n  a n d  n i t r o g e n - l i m i t e d  c o n d i t i o n s  c u l t u r e s  
g r o w i n g  a t  d i l u t i o n  r a t e s  o f  0 . 0 1  o r  0 . 0 2  h r - 1  h a d  a  n u m b e r  o f  
f e a t u r e s  w h i c h  d i f f e r e d  f r o m  c u l t u r e s  w h e r e  t h e  d i l u t i o n  r a t e  w a s  
e q u a l  t o  o r  g r e a t e r  t h a n  0 . 0 5  h r " 1  o r  m o r e .  A  g r e e n  p i g m e n t  w a s  
p r o d u c e d  a t  l o w  d i l u t i o n  r a t e s ,  t h e  v i s c o s i t y  o f  t h e  c u l t u r e  w a s  
l o w e r ,  m o r e  p r o t e i n  w a s  r e l e a s e d  i n t o  t h e  m e d i u m  a n d  i n c r e a s e d  
n u m b e r s  o f  f i n e  p a r t i c l e s  W e r e  v i s i b l e  u n d e r  t h e  l i g h t  
m i c r o s c o p e .  A p a r t  f r o m  t h e  p i g m e n t  p r o d u c t i o n  t h e s e  o b s e r v a t i o n s  
i m p l i e d  t h a t  c e l l  d e b r i s  w a s  a c c u m u l a t i n g  t o  h i g h e r  l e v e l s  i n  t h e  
s l o w l y  g r o w i n g  c u l t u r e s .  S i n c e  a t  l o w  d i l u t i o n  r a t e s  t h e  m e a n  
r e s i d e n c e  t i m e  i s  l o n g e r  t h i s  e f f e c t  w a s  a t t r i b u t e d  t o  
f r a g m e n t a t i o n  o f  t h e  m y c e l i u m  d u e  t o  p r o l o n g e d  e x p o s u r e  t o  s h e a r  
d a m a g e  f r o m  t h e  i m p e l l e r .
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T a b l e  3 - 2 .  F e r m e n t a t i o n  d a t a  f o r  c a r b o n - l i m i t e d  a n d  n i t r o g e n -  
l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  a t  a  r a n g e  o f  
d i l u t i o n  r a t e s .  C u l t u r e s  w e r e  m a i n t a i n e d  a t  2 8 ° C ,  p H  6 . 5  w i t h  a n  
a e r a t i o n  r a t e  o f  3 l . m i n ’  a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  
i n  3 1  o f  m e d i u m  ( P C L  o r  P G M 3 ) . B i o m a s s  w a s  e s t i m a t e d  b y  w e i g h i n g  
d r i e d  m y c e l i u m  f i l t e r e d  f r o m  a  m e a s u r e d  v o l u m e  o f  c u l t u r e .  
R e s i d u a l  p h o s p h a t e  i n  c u l t u r e  f i l t r a t e s  w a s  d e t e r m i n e d  b y  i o n  
c h r o m a t o g r a p h y  a n d  p r o t e i n  b y  t h e  m e t h o d  o f  B r a d f o r d  ( 1 9 7 6 ) .
a . Proline-carbon-limited cultures
DilutionRate
(hr-1)
Biomass
(g.i-1)
Nystatin
(mg.l-1)
Cyclo­heximide 
(mg.I-1)
ResidualPhosphate
(mM)
SolubleProtein
(g-i ft
0.12 5.36 +0.06 1 4 + 1 0.0 7.9 ±0.4 -
0.10 7.51 51 0.0 4.8 -
0.07 6.67 ±0.12 58 ±14 0.4 +0.6 4.4 ±0.3 0.7 +0.1
0.05 7.15 +0.37 65 ±12 0.5 ±0.5 5.5 ±0.7 2.1 ±0.6
0.02 6.19 +0.06 8 6 + 8 0.4 ±0.5 5.7 ±0 2.4
0.01 6.05 +0.18 78 ± 9 0.5 ±0.6 5.5 ±0.9 12.6 ±1.7
b. Proline-nitrogen-limited cultures
DilutionRate(hr-1)
Biomass
(g.i-1)
Hystatin
(mg.l-1)
Cyclo­heximide(mg.l-1)
ResidualPhosphate(mM)
SolubleProtein
(g.i-1)
0.12 6.50 +0.08 237 ± 20 0.5 ±0 - -
0.10 6.97 ±0.44 338 ± 68 0.7 ±0.4 6.6 4.9
0.075 7.80 ±0.24 294 ± 58 0 5.5 ±0.1 2.6 ±0.2
0.07 7.03 ±0,13 256 ±106 0.4 ±0.2 5.4 +0.1 3.7 ±0.2
0.05 7.49 ±0.56 216 ± 44 1.6 +1.5 5.2 ±0.3 4.4 ±3.1
0.02 7.00 ±0.79 143 ± 37 0.4 +0.7 4.4 ±0.6 18.4 ±8.6
0.01 7.58 ±1.23 111 ± 38 0.3 ±0.4 4.4 +0.2 21.0 +4.2
Figures for limits are the sample standard deviations.
3 . 2 . 1  N y s t a t i n  p r o d u c t i o n
N y s t a t i n  w a s  p r o d u c e d  a t  a l l  d i l u t i o n  r a t e s  t e s t e d  u n d e r  
b o t h  c a r b o n -  a n d  n i t r o g e n - l i m i t e d  c o n d i t i o n s  ( T a b l e  3 - 2 ) .  C y c l o ­
h e x i m i d e  w a s  p r e s e n t  ( <  6 0  m g . I - 1 )  a t  t h e  e n d  o f  b a t c h  g r o w t h  
w h i l e ,  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s ,  c o n c e n t r a t i o n s  w e r e  c l o s e
•i
t o  t h e  l i m i t s  o f  d e t e c t i o n  ( 0 . 5  m g . l  ) .  T h e  m a s s  o f  n y s t a t i n  
p r o d u c e d  c o n s i s t e n t l y  e x c e e d e d  t h a t  o f  c y c l o h e x i m i d e .  C o m b i n e d  
a n t i b i o t i c  p r o d u c t i o n  i n  t h e  n i t r o g e n - l i m i t e d  m e d i u m  w a s  a l w a y s  
s u p e r i o r  t o  t h a t  s e e n  u n d e r  c a r b o n  l i m i t a t i o n .
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T h e  m o s t  i n t e r e s t i n g  r e s u l t s  c o n c e r n  t h e  r e l a t i o n s h i p  o f  
n y s t a t i n  p r o d u c t i v i t y  (<ln y S t a t i n )  t o  t l i e  d i c t i o n  r a t e  ( F i g u r e  3 -  
1 3 ) .  T h e  o u t p u t  o f  n y s t a t i n  f r o m  c a r b o n - l i m i t e d  c u l t u r e s  r o s e  
5  f o l d  a s  d i l u t i o n  r a t e  w a s  i n c r e a s e d  f r o m  0 . 0 1  t o  0 . 1  h r - 1 . A t  a  
d i l u t i o n  r a t e  o f  0 . 1 2  h r " 1  t h e  s t e a d y - s t a t e  b i o m a s s  w a s  a b o u t  2 5 %
I
l o w e r  a n d  n y s t a t i n  p r o d u c t i v i t y  4 5 %  l o w e r  t h a n  a t  0 . 0 1  h r "  .
b.
Dilution Rate (hr1)Dilution Rate (hr*1)
F i g u r e  3 - 1 3  a .  M e t a b o l i c  q u o t i e n t s  a n d  b .  p r o d u c t  y i e l d s ,  f o r  
n y s t a t i n  v e r s u s  d i l u t i o n  r a t e  f o r  c h e m o s t a t  c u l t u r e s  o f  S .  
n o u r s e i .  T h e  c h e m o s t a t  c o n t a i n e d  3  1  o f  m e d i u m  ( P C L  o r  P G M 3 )  a t  a  
t e m p e r a t u r e  o f  2 8 ° C ,  p H  6 . 5 ,  a e r a t i o n  r a t e  3  l . m i n " 1  a n d  
a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  B i o m a s s  w a s  e s t i m a t e d  b y  w e i g h i n g  
d r i e d  m y c e l i u m  f i l t e r e d  f r o m  a  m e a s u r e d  v o l u m e  o f  c u l t u r e ,  
n y s t a t i n  b y  b i o a s s a y  o f  b u t a n o l  e x t r a c t s  o f  w h o l e  b r o t h  a n d  
m e t a b o l i c  q u o t i e n t s  w e r e  c a l c u l a t e d  f r o m  t h e s e  r e a d i n g s  a s  
d e t a i l e d  i n  s e c t i o n  2 . 6 .
□  C a r b o n - l i m i t e d ,  p r o l i n e  1 0 0  mM.
C o m p u t e r  g e n e r a t e d  t h i r d  o r d e r  p o l y n o m i a l  f i t t e d  
t o  t h e  d a t a  f o r  c a r b o n - l i m i t e d  c u l t u r e s .
O  N i t r o g e n - l i m i t e d ,  p r o l i n e  6 0  mM, g l y c e r o l  1 0 0  mM.
C o m p u t e r  g e n e r a t e d  f o u r t h  o r d e r  p o l y n o m i a l  f i t t e d  
t o  t h e  d a t a  f o r  n i t r o g e n - l i m i t e d  c u l t u r e s .
*s
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N i t r o g e n - l i m i t e d  c u l t u r e s  h o w e v e r ,  s h o w e d  a  2 3  f o l d  i n c r e a s e  o f  
p r o d u c t i v i t y  w i t h  d i l u t i o n  r a t e  a n d  l i t t l e  t a i l i n g  o f f  n e a r  t o
_ i
w a s h o u t .  A  p l o t  o f  p r o d u c t  y i e l d  ( Y p ^ x , m g  n y s t a t i n  . g  c e l l s  )  
a g a i n s t  d i l u t i o n  r a t e  f o r  t h e s e  t w o  n u t r i e n t  l i m i t a t i o n s  ( F i g u r e  
3 - 1 3 b )  e l i m i n a t e d  t h e  s y s t e m a t i c  c h a n g e  d u e  t o  i n c r e a s i n g  g r o w t h  
r a t e  r e v e a l i n g  u n d e r l y i n g  t r e n d s  i n  t h e  y i e l d  o f  n y s t a t i n .  U n d e r  
n i t r o g e n  l i m i t a t i o n  Y p ^ x  i n c r e a s e d  w i t h  d i l u t i o n  r a t e  a  t r e n d  
o p p o s i t e  t o  t h a t  o b s e r v e d  w i t h  c a r b o n - l i m i t e d  c u l t u r e s .
N y s t a t i n  p r o d u c t i o n  u n d e r  n i t r o g e n  l i m i t a t i o n  v a r i e d  b e t w e e n  
e x p e r i m e n t s ,  b u t  i n  a n y  g i v e n  e x p e r i m e n t  ( F i g u r e  3 - 1 4 )  t h e  
t e n d e n c y  o f  p r o d u c t i v i t y  t o  r i s e  a n d  f a l l  w i t h  d i l u t i o n  r a t e  w a s  
d i s c e r n i b l e .  A n t i b i o t i c  p r o d u c t i o n  f r e q u e n t l y  r o s e  b r i e f l y  a f t e r  
a  s h i f t  t o  a  n e w  d i l u t i o n  r a t e  o r  f o l l o w i n g  i n t e r r u p t i o n s  o f  
p o w e r  o r  a i r  s u p p l i e s .  T h e  t i m e  r e q u i r e d  f o r  a n t i b i o t i c  
p r o d u c t i o n  t o  s t a b i l i s e  a f t e r  d i s t u r b a n c e s  w a s  u n p r e d i c t a b l e  a n d  
c o u l d  b e  e q u i v a l e n t  t o  t h e  p a s s a g e  o f  l e s s  t h a n  2  t o  m o r e  t h a n  5 
c u l t u r e  v o l u m e s  t h r o u g h  t h e  c h e m o s t a t .  F l u c t u a t i o n s  c o u l d  a l s o  b e  
e n c o u n t e r e d ,  w i t h  n o  o b v i o u s  i n d i c a t i o n  o f  c a u s e ,  f o l l o w i n g  a  
p e r i o d  o f  a p p a r e n t  s t a b i l i t y .  L o w  d i l u t i o n  r a t e  e x p e r i m e n t s  
p r o v e d  p a r t i c u l a r l y  d i f f i c u l t  t o  p e r f o r m  s i n c e  t h e  l o n g  
e q u i l i b r a t i o n  t i m e s  r e q u i r e d  m a d e  t h e m  p a r t i c u l a r l y  p r o n e  t o  
e x t e r n a l  d i s t u r b a n c e s .
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Elapsed time (hr)
Elapsed time (hr)
F i g u r e  3 - 1 4  D a t a  f o r  ( ■ )  n y s t a t i n  y i e l d  a n d  ( • )  b i o m a s s  i n  
r e l a t i o n  t o  d i l u t i o n  r a t e  ( - - A - - )  d u r i n g  t h e  c o u r s e  o f  a  t w o  
t y p i c a l  c h e m o s t a t  e x p e r i m e n t s  w i t h  S .  n o u r s e i  i n  PGM3 m e d i u m .  T h e  
c u l t u r e  w a s  g r o w n  a t  2 8  ® C ,  p H  6 . 5  w i t h  a n  a e r a t i o n  r a t e  o f  3 
l . m i n "  a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  i n  3 1  o f  m e d i u m .  
B i o m a s s  w a s  e s t i m a t e d  b y  w e i g h i n g  d r i e d  m y c e l i u m  f i l t e r e d  f r o m  a  
m e a s u r e d  v o l u m e  o f  c u l t u r e .  N y s t a t i n  w a s  e s t i m a t e d  b y  b i o a s s a y  o f  
b u t a n o l  e x t r a c t s  o f  w h o l e  c u l t u r e  b r o t h .  Y i e l d s  o f  p r o d u c t  p e r  
u n i t  b i o m a s s  w e r e  c a l c u l a t e d  f r o m  b i o m a s s  a n d  n y s t a t i n  r e a d i n g s  
a s  d e t a i l e d  i n  s e c t i o n  2 . 6 .
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1 .  T h e  l e v e l s  o f  e a c h  o f  t h e  e n z y m e s  u n i q u e  t o  t h e  
b i o s y n t h e t i c  p a t h w a y  l e a d i n g  t o  t h e  p r o d u c t .
2 .  T h e  a c t i v i t y  o f  t h e  b i o s y n t h e t i c  e n z y m e s  a s  m o d e r a t e d  b y  
i n h i b i t o r s  o r  a c t i v a t o r s  a n d  t h e  a v a i l a b i l i t y  o f  c o f a c t o r s  a n d  
m e t a l  i o n s .
3 .  T h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n s  o f  k e y  i n t e r m e d i a t e s  
r e q u i r e d  a s  r a w  m a t e r i a l s  f o r  a n t i b i o t i c  s y n t h e s i s .
T h e  i n c r e a s e  i n  g r o w t h  r a t e  o f  a  c h e m o s t a t  c u l t u r e  r e s u l t i n g  
f r o m  a n  i n c r e a s e  i n  d i l u t i o n  r a t e  i m p l i e s  t h a t  t h e r e  i s  a  
c o - o r d i n a t e d  r i s e  i n  t h e  c o n c e n t r a t i o n s  o f  a l m o s t  a l l  
i n t e r m e d i a t e s  w i t h i n  t h e  c e l l .  T h u s ,  i n  t h e  a b s e n c e  o f  e f f e c t s  
d u e  t o  1 .  a n d  2 .  a b o v e ,  a n t i b i o t i c  p r o d u c t i v i t y  ( 9 p r o d u c t )  s h ° u l d  
a l s o  r i s e  w i t h  g r o w t h  r a t e ,  a s  d e m o n s t r a t e d  ( 3 - 1 3 a )  f o r  
^ n y s t a t i n '  P o ° T  l e v e l s  o f  i n t e r m e d i a t e s  c a n n o t  b e  e x p e c t e d  t o  
c h a n g e  p r e c i s e l y  i n  l i n e  w i t h  g r o w t h  r a t e  s i n c e  e a c h  o f  t h e  
e n z y m e s  c o n t r i b u t i n g  t o ,  o r  d r a w i n g  f r o m ,  t h e  p o o l s  h a s  u n i q u e  
r e a c t i o n  k i n e t i c s  a n d  w i l l  r e s p o n d  d i f f e r e n t l y  t o  c h a n g e s  i n  
s u b s t r a t e  c o n c e n t r a t i o n s .  V a r i a t i o n s  i n  p o o l  l e v e l s  m a y  m o d u l a t e  
t h e  a c t i v i t y  o f  o n e  o r  m o r e  e n z y m e s ,  e . g .  b y  i n h i b i t i o n ,  a n d  a  
c a s c a d e  o f  s u c h  i n t e r a c t i o n s  c o u l d  a m p l i f y  a  s l i g h t  c h a n g e  i n  
n u t r i e n t  s t a t u s  i n t o  a  s i g n a l  w h i c h  s w i t c h e s  o n e  o r  m o r e  g e n e s  o n  
o r  o f f .  W h i l e  t h e  p o t e n t i a l  f o r  s u c h  d r a m a t i c  s w i t c h i n g  e x i s t s ,  
i n  p r a c t i c e  c h a n g e s  i n  S . n o u r s e i  s e e m e d  t o  b e  m o r e  p r o g r e s s i v e  
a s  d i l u t i o n  r a t e  w a s  c h a n g e d .
S u r p r i s i n g l y ,  c a r b o n - l i m i t e d  c u l t u r e s  o f  S. n ou rsei  d i v e r t e d  
s o m e  o f  t h e  l i m i t i n g  n u t r i e n t  i n t o  n y s t a t i n  p r o d u c t i o n ,  a l t h o u g h
The rate of production of an antibiotic depends upon:-
110
t h e r e  w a s  a  s t e a d y  r e d u c t i o n  i n  y i e l d  a s  g r o w t h  r a t e  w a s  r a i s e d .  
I n c r e a s e d  c o m p e t i t i o n  f r o m  a n a b o l i c  e n z y m e s ,  p a r t i a l  i n h i b i t i o n  
o f  t h e  n y s t a t i n  b i o s y n t h e t i c  e n z y m e s  o r  r e p r e s s i o n  o f  t h e i r  
s y n t h e s i s  c o u l d  a l l  a c c o u n t  f o r  t h e  c h a n g e s  l i n k e d  t o  g r o w t h
r a t e .  S i m i l a r  i n v e r s e  r e l a t i o n s h i p s  h a v e  b e e n  o b s e r v e d  w i t h  
g l u c o s e - l i m i t e d  c u l t u r e s  p r o d u c i n g  p e n i c i l l i n  ( P i r t  a n d  
R i g h e l a t o ,  1 9 6 7 ) ,  c e p h a m y c i n  C ( L i l l e y  e t  a l . ,  1 9 8 1 ;  L e b r i h l  e t
a l . ,  1 9 8 8 )  a n d  t y l o s i n  ( G r a y  a n d  B h u w a p a t h a n a p u n ,  1 9 8 0 ) .  B e c a u s e
s t e a d y - s t a t e  c o n c e n t r a t i o n s  o f  t h e  c a r b o n  s o u r c e ,  a n d  b y  
i m p l i c a t i o n  i t s  c a t a b o l i t e s ,  i n c r e a s e  w i t h  d i l u t i o n  r a t e , i t  h a s  
b e e n  s u g g e s t e d  t h a t  a n t i b i o t i c  p r o d u c t i o n  c a n  b e  r e g u l a t e d  b y  
p r o c e s s e s  s i m i l a r  t o  c a r b o n  c a t a b o l i t e  r e p r e s s i o n .  H o w e v e r ,  t h i s  
d i d  n o t  s e e m  t o  b e  t h e  c a s e  w i t h  S .  n o u r s e i  s i n c e  n i t r o g e n -  
l i m i t e d  c u l t u r e s ,  w h i c h  h a d  e x c e s s  c a r b o n  s u p p l i e d  a s  g l y c e r o l ,  
p r o d u c e d  n o  e v i d e n c e  o f  r e p r e s s i o n  o f  n y s t a t i n  p r o d u c t i o n .
B o t h  Y n y S t a t £ n  a n d  q n y S t ; a t i n  i n c r e a s e d  w i t h  d i l u t i o n  r a t e  i n  
n i t r o g e n - l i m i t e d  c u l t u r e s  o f  S .  n o u r s e i .  A s s u m i n g  t h a t  i n  t h i s  
c a s e  t h e  g e n e s  f o r  n y s t a t i n  s y n t h e t i c  e n z y m e s  a r e  m a x i m a l l y  
e x p r e s s e d ,  t h e  m a j o r i t y  o f  t h e  i n c r e a s e  i n  1 n y S t a t i n  c a n
a c c o u n t e d  f o r  b y  t h e  i n c r e a s e  i n  p r e c u r s o r  p o o l s  a s s o c i a t e d  w i t h  
f a s t e r  g r o w t h .  T h e  i n c r e a s e s  i n  Y n y S t a t ^n  c o u l d  b e  a n  i n d i c a t i o n  
t h a t  t h e r e  w a s  a  t e n d e n c y  f o r  s o m e  i n t e r m e d i a t e s  t o  b e  o v e r  
p r o d u c e d  a s  h a p p e n s  w h e n  o v e r f l o w  m e t a b o l i s m  t a k e s  p l a c e .
T h e s e  r e s u l t s  a r e  i n  a c c o r d  w i t h  t h e  o b s e r v a t i o n s  o f  G r a y  & 
B h u w a p a t h a n a p u n  ( 1 9 8 0 ) ,  R h o d e s  ( 1 9 8 4 )  a n d  T r i l l i  e t  a l .  ( 1 9 8 7 )  
t h a t  i n  c h e m o s t a t  c u l t u r e s  i t  i s  p o s s i b l e  t o  e s t a b l i s h  c o n d i t i o n s  
w h e r e  p o l y k e t i d e  p r o d u c t i o n  i s  s t r o n g l y  g r o w t h  l i n k e d .  G r o w t h  i n  
a  n u t r i e n t - l i m i t e d  e n v i r o n m e n t ,  a s  f o u n d  i n  t h e  c h e m o s t a t ,  c a n  i t
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a p p e a r s  p o i s e  i n t r a c e l l u l a r  c o n d i t i o n s  i n  a  s t a t e  t h a t  a l l o w s  
a n t i b i o t i c  s y n t h e s e s  t o  b e  c o n t i n u a l l y  e x p r e s s e d .  T h e  f r a g i l e  
n a t u r e  o f  t h i s  d y n a m i c  e q u i l i b r i u m  w a s  d e m o n s t r a t e d  b y  t h e  
r e s p o n s e  o f  t h e  s y s t e m  t o  d i s t u r b a n c e s .
S a t u r a t i o n  o f  t h e  o r g a n i s m  w i t h  s u b s t r a t e s ,  a s  i n  t h e  e a r l y  
s t a g e s  o f  b a t c h  c u l t u r e ,  c l e a r l y  c r e a t e s  a  t o t a l l y  d i f f e r e n t  
i n t r a c e l l u l a r  b a l a n c e  w i t h  g r o w t h  r a t e  l i m i t e d  b y  s a t u r a t i o n  o f  
a n a b o l i c  p a t h w a y s .  T h i s  s i t u a t i o n  m a y  l e a d  t o  a c c u m u l a t i o n  w i t h i n  
t h e  c e l l s  o f  s u b s t a n c e s  s u c h  a s  c a r b o n  c a t a b o l i t e s  a n d  
p h o s p h o r y l a t e d  i n t e r m e d i a t e s  w h i c h  a r e  u s e d  a s  s i g n a l s  t h a t  
a n t i b i o t i c  s y n t h e s i s  s h o u l d  b e  s u s p e n d e d  w h i l e  t h e  n u t r i e n t s  a r e  
r a p i d l y  e x p l o i t e d  f o r  g r o w t h .  T h e  s u b s e q u e n t  o n s e t  o f  a n t i b i o t i c  
p r o d u c t i o n  m a y  c o i n c i d e  w i t h  t h e  c e s s a t i o n  o f  g r o w t h  n o t  b e c a u s e  
g r o w t h  h a s  s t o p p e d  b u t  b e c a u s e  t h e  t r a n s i t i o n  t o  n u t r i e n t  
l i m i t a t i o n ,  w h i c h  a l l o w s  a n t i b i o t i c  p r o d u c t i o n  a n d  g r o w t h ,  i s  
r a p i d l y  f o l l o w e d  b y  n u t r i e n t  s t a r v a t i o n ,  w h i c h  s t o p s  g r o w t h .
C o m p l e x  m e d i a  c o n t a i n i n g  s l o w  r e l e a s e  n u t r i e n t  s o u r c e s  m a y ,  
b y  i m p o s i n g  n u t r i e n t - l i m i t e d  g r o w t h  e n a b l e  a n t i b i o t i c  s y n t h e s i s  
t o  c o m m e n c e  w h i l e  t h e  m e t a b o l i c  a c t i v i t y  i s  s t i l l  h i g h .  T h e  
c y c l i c a l  f e d - b a t c h  c u l t u r e  e x p e r i m e n t s  o f  G r a y  a n d  V u - T r o n g  
( 1 9 8 2 )  a n d  t h e  p h o s p h a t e  f e e d i n g  w o r k  o f  P a y n e  a n d  W a n g  ( 1 9 8 8 )  
s h o w  t h a t  c e l l s  s t a r v e d  o f  n u t r i e n t s  l o s e  a n t i b i o t i c  b i o s y n t h e t i c  
c a p a c i t y  m o r e  r a p i d l y  t h a n  t h o s e  g i v e n  s u p p l i e s  o f  t h e  l i m i t i n g  
n u t r i e n t .
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3.2.2 Carbon and Nitrogen Utilisation
C a r b o n  U t i l i s a t i o n
T h e  d i s t r i b u t i o n  o f  c a r b o n  b e t w e e n  e x c r e t e d  c a r b o n  d i o x i d e ,  
b i o m a s s  a n d  t h e  c u l t u r e  f i l t r a t e  w a s  c a l c u l a t e d  a s  a  p e r c e n t a g e  
o f  t h e  c a r b o n  s u p p l i e d  ( T a b l e  3 - 3 ) .  C a r b o n  r e c o v e r i e s  w e r e  c l o s e  
t o  1 0 0 %  e x c e p t  u n d e r  t h e  d i f f i c u l t  c o n d i t i o n s  a s s o c i a t e d  w i t h  
g r o w i n g  c u l t u r e s  a t  a  d i l u t i o n  r a t e  o f  0 . 0 1  h r " 1 . S i n c e  i t  w a s
T a b l e  3 - 3 .  C a r b o n  b a l a n c e  d a t a  f o r  c a r b o n - l i m i t e d  a n d  n i t r o g e n -  
l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  a t  a  r a n g e  o f  
d i l u t i o n  r a t e s .  F e r m e n t e r s  c o n t a i n e d  3  1  o f  m e d i u m  ( P C L  o r  P G M 3 )  
m a i n t a i n e d  a t  2 8 ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  
3 l . m i n  . C a r b o n  d i o x i d e  i n  t h e  e x h a u s t  g a s  f r o m  t h e  f e r m e n t e r  
w a s  m e a s u r e d  u s i n g  a n  i n f r a - r e d  a n a l y s e r  a n d  t h e  c a r b o n  c o n t e n t  
o f  c e l l s  a n d  f i l t r a t e  d e t e r m i n e d  b y  m i c r o a n a l y s i s  o f  f r e e z e  d r i e d  
m a t e r i a l .  N y s t a t i n  t i t r e s  w e r e  e s t i m a t e d  b y  b i o a s s a y  o f  b u t a n o l  
e x t r a c t s  o f  w h o l e  b r o t h .
a .  Proline-carbon-limited cultures
Dilution
Rate
(hr"1 )
Carbon Recovered as (% of input)
co2 Cells Filtrate* Total Proline Nystatin
0.12 30.5 ±0.4 37.8 39.1 ±0.5 107.4 28.7 ±1.2 0.1 ±0.01
0.10 39.3 53.1 10.0 102.4 0 .5 0.5
0.07 38.9 ±2.8 49.4 8 .9 ±1.0 97.2 0 0.6 ±0.14
0.05 40.5 ±2.1 52.5 ±2.2 9.7 ±2.3 102.7 0 0.7 ±0.12
0.02 52.7 ±3.1 39.7 12.7 ±1.1 105.1 0 0.9 ±0.08
0.01 55.9 ±7.2 38 .1  ±2.0 23.4 ±4.5 117.4 0 0.8 ±0.09
b. Proline-nitrogen-limited cultures
Dilution Carbon Recovered as (% of input)
Rate
(hr"1) co2 Cells Filtrate* Total Proline Nystatin
0.12 33.3 ±0.2 39.6 ±0.7 28.5 ±1.4 101.4 0.07 ±0.02 2.0 ±0.17
0.10 38.3 ±2.8 42.4 ±0.8 20.2 ±1.5 100.9 0 ■ 2 .9 ±0.58
0.075 42.0 ±0.7 47.4 ±0.5 6.3 ±0.4 95.7 0 2 .5  ±0.50
0.07 41.1 ±1.2 45.3 - - 0 2.2 ±0.89
0.05 44.8 ±2.8 47.9 ±1.4 7 .0  ±1.0 99.7 0 1.9 ±0.34
0. 02 40.9 ±2.0 43.6 ±1.7 12.4 ±1.3 96.9 0 1.2 ±0.31
0.01 41.2 ±3.3 43.7 ± 1 .0 18.9 ±5.8 103.8 0 0.9 ±0.32
* Figures for filtrate include residual proline and any nystatin not cell bound
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a n t i c i p a t e d  t h a t  l o s s e s  o f  c a r b o n  a s  v o l a t i l e  c o m p o u n d s  o t h e r  
t h a n  C 0 2 , o r  a s  f o a m  a n d  a e r o s o l s ,  w o u l d  b e  n e g l i g i b l e ,  c a r b o n  
r e c o v e r i e s  w e r e  e x p e c t e d  t o  a p p r o a c h  1 0 0 % .  T h e  g o o d  a g r e e m e n t  o f  
t h e  o b s e r v e d  v a l u e s  w i t h  t h e s e  p r e d i c t i o n s  w a s  t a k e n  t o  i n d i c a t e  
t h a t  t h e  m e a s u r i n g  t e c h n i q u e s  u s e d  w e r e  r e l i a b l e ,  a l l o w i n g  o n e  t o  
m a k e  a c c u r a t e  c o m p a r i s o n s  b e t w e e n  d i f f e r e n t  s t e a d y - s t a t e s .
P r o l i n e  c a r b o n - l i m i t e d  c u l t u r e s  g r o w i n g  a t  l o w  d i l u t i o n  
r a t e s  c o n v e r t e d  a  l a r g e r  p e r c e n t a g e  o f  t h e  c a r b o n  t o  C 0 2 a n d  
s o l u b l e  p r o d u c t s  t h a n  n i t r o g e n - l i m i t e d  c u l t u r e s  ( T a b l e  3 - 3 ) .  
C o n v e r s i o n  o f  c a r b o n  t o  b i o m a s s  p r o c e e d e d  w i t h  i n c r e a s i n g  
e f f i c i e n c y  a s  t h e  d i l u t i o n  r a t e  w a s  r a i s e d  f r o m  0 . 0 1  h r  , u n t i l ,  
a t  a  d i l u t i o n  r a t e  o f  0 . 1 2  h r - 1 , t h e  c u l t u r e  b e g a n  t o  w a s h  o u t  
a n d  r e s i d u a l  p r o l i n e  b e c a m e  d e t e c t a b l e .  A t  t h i s  d i l u t i o n  r a t e  t h e  
r e s i d u a l  p r o l i n e  a c c o u n t e d  f o r  2 8 . 6 %  o f  t h e  i n p u t  c a r b o n  a n d  a t
_  n
0 . 1  h r  f o r  0 . 5 %  l e a v i n g  i n  e a c h  c a s e  a p p r o x i m a t e l y  1 0 %  t o  b e  
c l a s s e d  a s  u n i d e n t i f i e d  p r o d u c t s .
T h e  c a r b o n  c o n t e n t  o f  t h e  c a r b o n - l i m i t e d  c e l l s  w a s  c l o s e l y  
c o n t r o l l e d  a t  a b o u t  4 1 . 5 %  w / w  a t  a l l  d i l u t i o n  r a t e s  ( T a b l e  3 - 4 ) .  
I n  c o n t r a s t ,  n i t r o g e n - l i m i t e d  c e l l s  c o n t a i n e d  u p  t o  4 4 %  c a r b o n
d e p e n d i n g  o n  d i l u t i o n  r a t e , a n  i n d i c a t i o n  t h a t  m o r e  c a r b o n  i s  
i n c o r p o r a t e d  i n t o  c e l l s  w h e n  i t  i s  f r e e l y  a v a i l a b l e .  T h e  r a n g e  o f  
c a r b o n  c o n t e n t s  o b s e r v e d  w a s  i n  g o o d  a g r e e m e n t  w i t h  p u b l i s h e d  
v a l u e s  o f  4 3 . 9 2  t o  4 5 . 9 5 %  f o r  S a c c h a r o m y c e s  c e r e v i s i a e  ( W a n g  e t  
a l .  , 1 9 7 7 )  a n d  5 0  ±  5% f o r  E s c h e r i c h i a  c o l l  ( L u r i a ,  1 9 6 0 ;
A t k i n s o n  a n d  M a v i t u n a ,  1 9 8 2 ) .  T h e  c a r b o n  c o n t e n t  o f  S t r e p t o m y c e s
c a t t l e y a  h a s  b e e n  r e p o r t e d  a s  4 7 . 5 %  ( B u s h e l l  a n d  F r y d a y ,  1 9 8 3 )
a l t h o u g h  i n  t h i s  c a s e  t h e  f i g u r e s  h a d  b e e n  a d j u s t e d  f o r  a s h
c o n t e n t  ( a p p r o x .  1 0 % ,  M . E .  B u s h e l l ,  p e r s o n a l  c o m m u n i c a t i o n )  a n d
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T a b l e  3 - 4 .  C a r b o n  c o n t e n t  o f  d r i e d  c e l l s  o f  S .  n o u r s e i  t a k e n  f r o m  
s t e a d y - s t a t e  c h e m o s t a t  c u l t u r e s  g r o w n  a t  2 8 ° C ,  p H  6 . 5  w i t h  a n  
a e r a t i o n  r a t e  o f  3 l . m i n  a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  
i n  3 1  o f  p r o l i n e - c a r b o n - l i m i t e d  ( P C L )  o r  p r o l i n e - n i t r o g e n -
l i m i t e d  ( P G M 3 )  m e d i u m .  T h e  c a r b o n  c o n t e n t  o f  c e l l s  a n d  f i l t r a t e  
w a s  d e t e r m i n e d  b y  m i c r o a n a l y s i s  o f  f r e e z e  d r i e d  m a t e r i a l .
Dilution
Rate
(hr- 1 )
Carbon-Limited Nitrogen-Limited
Carbon
<%)
Number of 
Readings
Carbon
(%) ;
Number of 
Readings
0.12 40.3 1 44.1 ±0.26 3
0. 10 42.0 1 43.8 ±0. 60 4
0. 075 - 43.3 ±0.61 3
r-00 41.7 1 43.1 1
0. 05 41.5 ±0.67 3 43.6 ±0.96 8
0.02 41.2 1 41.5 ±0. 64 5
0. 01 40.1  ±2.55 2 41,3 ±0.81 2
t h e  u n a d j u s t e d  v a l u e  m i g h t  b e  e x p e c t e d  t o  l i e  w i t h i n  t h e  r a n g e  
o b s e r v e d  f o r  S .  n o u r s e i .
N i t r o g e n - l i m i t e d  c e l l s  g r o w n  a t  d i l u t i o n  r a t e s  i n  t h e  r a n g e
_ i
0 . 0 1  t o  0 . 0 7  h r  c o n v e r t e d  4 0  t o  4 2 %  o f  t h e  c a r b o n  i n t o  CC>2 a n d
i n c o r p o r a t e d  4 5 %  i n t o  b i o m a s s  ( T a b l e  3 - 3 ) .  S o l u b l e  p r o d u c t s
a c c o u n t e d  f o r  u p  t o  1 8 %  o f  t h e  c a r b o n  a t  D = 0 . 0 1  h r ' 1  a n d  t h i s
f i g u r e  d e c l i n e d  w i t h  i n c r e a s i n g  d i l u t i o n  r a t e  t o  a  v a l u e  o f  6 . 3 %
a t  0 . 0 7 5  h r ' 1 . I n c r e a s i n g  t h e  d i l u t i o n  r a t e  f u r t h e r  t o  0 . 1  o r
0 . 1 2  h r " 1 c a u s e d  n i t r o g e n - l i m i t e d  c u l t u r e s  t o  c o n v e r t  l e s s  o f  t h e
c a r b o n  t o  b i o m a s s  o r  c a r b o n  d i o x i d e  a n d  t h e r e  w a s  a  c o r r e s p o n d i n g
i n c r e a s e  i n  t h e  a m o u n t  o f  c a r b o n  r e c o v e r e d  i n  t h e  f i l t r a t e .  T h e s e
- 1f i l t r a t e s  ( D = 0 , 1 ,  0 . 1 2  h r  )  h o w e v e r ,  c o n t a i n e d  l i t t l e  o r  n o
c a r b o n  i n  t h e  f o r m  o f  u n u s e d  s u b s t r a t e s ,  u n l i k e  t h e i r  c a r b o n -  
l i m i t e d  c o u n t e r p a r t s .  E v i d e n c e  w i l l  b e  p r e s e n t e d  ( p l 2 4  e t  s e q . )
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t h a t  s o m e  o f  t h e  s o l u b l e  c a r b o n  i n  r a p i d l y  g r o w i n g  ( D = 0 . 1 ,  
-1
0 . 1 2  h r  )  n i t r o g e n - l i m i t e d  c u l t u r e s  w a s  c o n v e r t e d  t o  o v e r f l o w  
m e t a b o l i t e s .
N y s t a t i n  p r o d u c t i o n  a c c o u n t e d  f o r  0 . 9  t o  2 . 9 %  o f  t h e  c a r b o n  
c o n s u m e d  b y  n i t r o g e n - l i m i t e d  c u l t u r e s ,  w h i l e  c a r b o n - l i m i t e d  
c u l t u r e s  c o n v e r t e d  o n l y  0 . 1  t o  0 . 9 %  t o  n y s t a t i n .  T h e  o p t i m u m
c o n v e r s i o n  t o  a n t i b i o t i c ,  a s  m i g h t  b e  e x p e c t e d  f r o m  f i g u r e  3 - 1 3 ,
- 1 1
w a s  a t  D = 0 . 1  h r  f o r  n i t r o g e n - l i m i t e d  a n d  D = 0 . 0 2  h r  f o r
c a r b o n - l i m i t e d  c u l t u r e s .
T h e  y i e l d  o n  c a r b o n  ( Y g )  f o r  c u l t u r e s  l i m i t e d  b y  p r o l i n e -
c a r b o n  i n c r e a s e d  f r o m  1 2  t o  1 5 . 5  g . m o l ' 1  o v e r  t h e  r a n g e  o f
d i l u t i o n  r a t e s  f r o m  0 . 0 1  t o  0 , 1 2  h r ' 1  ( F i g u r e  3 - 1 5 a ) .  C u l t u r e s
l i m i t e d  b y  p r o l i n e - n i t r o g e n  a n d  s u p p l i e d  w i t h  g l y c e r o l  a s  a n
a d d i t i o n a l  c a r b o n  s o u r c e  g a v e  v a l u e s  o f  Y g  a r o u n d  1 2  g . m o l " 1  o v e r
a. Carbon-limited culture b. Nitrogen-limited culture
0.04 0.06 0.06
Dllullon Rate (hr') Dilution Rate (hr')
F i g u r e  3 - 1 5  B i o m a s s  y i e l d  o n  c a r b o n  i n  r e l a t i o n  t o  d i l u t i o n  r a t e  
f o r  c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w i n g  i n  a .  P C L  o r  b .  PGM3 
m e d i u m .  F e r m e n t e r s  c o n t a i n e d  3  1  o f  c u l t u r e  m a i n t a i n e d  a t  2 8  ° C ,  
p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3  l . m i n " 1 . Y i e l d s  
w e r e  c a l c u l a t e d  o n  t h e  b a s i s  t h a t  a l l  c a r b o n - c o n t a i n i n g  n u t r i e n t s  
w e r e  c o n s u m e d  a n d  n o  a l l o w a n c e  w a s  m a d e  f o r  e x c r e t i o n  o f  c a r b o n -  
c o n t a i n i n g  m e t a b o l i t e s .  A t  l e a s t  t w o  r e a d i n g s  w e r e  t a k e n  a t  e a c h  
d i l u t i o n  r a t e  a n d  w h e r e  t h r e e  o r  m o r e  w e r e  t a k e n  t h e  s a m p l e  m e a n  
a n d  s t a n d a r d  d e v i a t i o n  a r e  s h o w n  ( p o i n t s  w i t h  e r r o r  b a r s ) .
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t h e  s a m e  r a n g e  o f  g r o w t h  r a t e s ,  w i t h  s o m e  i n d i c a t i o n s  o f  a n  
o p t i m u m  a t  D = 0 . 0 7 5  h r - 1  ( F i g u r e  3 - 1 5 b ) . T h e  h i g h e r  a v e r a g e  y i e l d  
s e e n  f o r  c a r b o n - l i m i t e d ,  a s  o p p o s e d  t o  n i t r o g e n - l i m i t e d  c u l t u r e s  
i s  e v i d e n c e  t h a t  t h e  c a r b o n  s u b s t r a t e  w a s  u s e d  m o r e  e f f i c i e n t l y  
w h e n  i t  w a s  t h e  l i m i t i n g  n u t r i e n t .
T h e  d e c l i n e  i n  Y c  w i t h  r e d u c t i o n  o f  g r o w t h  r a t e ,  s e e n  
p a r t i c u l a r l y  i n  c a r b o n - l i m i t e d  c u l t u r e s  s u g g e s t s  t h a t  s l o w l y  
g r o w i n g  c u l t u r e s  w e r e  l e s s  e f f i c i e n t ,  a n  e f f e c t  w h i c h  c o u l d  a r i s e  
f r o m  t h e  i n c r e a s e d  i m p o r t a n c e  o f  m a i n t e n a n c e  r e q u i r e m e n t s .  S i n c e  
m a i n t e n a n c e  i s  l a r g e l y  a n  e n e r g y  c o n s u m i n g  a c t i v i t y  ( S t o u t h a m e r  
a n d  B e t t e n h a u s e n ,  1 9 7 3 ;  H e m p f l i n g  a n d  R i c e ,  1 9 8 1 )  i t  m i g h t  b e  
e x p e c t e d  t h a t  t h e s e  e f f e c t s  w o u l d  b e  m o r e  p r o n o u n c e d  i n  c a r b o n  
( e n e r g y ) - l i m i t e d  c u l t u r e s .  H o w e v e r ,  w i t h  b o t h  l i m i t a t i o n s ,  s l o w l y  
g r o w i n g  c u l t u r e s  ( D < 0 . 0 2  h r - 1 )  p r o d u c e d  a  g r e e n  p i g m e n t  a n d  
f r a g m e n t e d  r e a d i l y .  T h u s  i t  s e e m s  l i k e l y  t h a t  s y n t h e s i s  o f  
a d d i t i o n a l  p r o d u c t s  a n d  d a m a g e  t o  t h e  c e l l s  c o u l d  a d d  t o  t h e  
m a i n t e n a n c e  r e q u i r e m e n t s .
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Nitrogen Utilisation
A s  e x p e c t e d  t h e  y i e l d  o n  p r o l i n e  ( Y p r o ^ i n e )  w a s  h i g h e r  f o r  
n i t r o g e n - l i m i t e d  c u l t u r e s  t h a n  f o r  c a r b o n - l i m i t e d  c u l t u r e s  
( T a b l e  3 - 5 ) .  H o w e v e r ,  l a r g e  a m o u n t s  o f  a m m o n i a  w e r e  e x c r e t e d  i n t o  
t h e  m e d i u m  b y  c a r b o n - l i m i t e d  c e l l s  a n d  t h e i r  n i t r o g e n  c o n t e n t  (%  
w / w )  w a s  o n l y  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  n i t r o g e n - l i m i t e d  
c e l l s .
P r o d u c t i o n  o f  a m m o n i a  a n d  t h e  a c i d  a d d i t i o n s  r e q u i r e d  t o  
n e u t r a l i s e  i t  c a n  b e  c l e a r l y  s e e n  o n  F i g u r e  3 - 1 6 .  T h e  n i t r o g e n -  
l i m i t e d  c u l t u r e s ,  I n  c o n t r a s t ,  n e e d e d  a l k a l i  a d d i t i o n s  t o  
n e u t r a l i s e  t h e  a c i d  a d d e d  t o  t h e  f e e d  r e s e r v o i r  t o  p r e v e n t  
p r e c i p i t a t i o n  o f  t r a c e  m e t a l s .
T a b l e  3 - 5  Y i e l d  o n  p r o l i n e  a n d  n i t r o g e n  c o n t e n t  o f  f r e e z e  d r i e d  
c e l l s  t a k e n  f r o m  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  i n  p r o l i n e - c a r b o n -  
l i m i t e d  ( P C L )  a n d  p r o l i n e - n i t r o g e n - l i m i t e d  ( P G M 3 )  m e d i a  a t  2 8  ° C ,  
p H  6 . 5  w i t h  a n  a e r a t i o n  r a t e  o f  3  l . m i n  a n d  a n  a g i t a t i o n  r a t e  
o f  1 0 0 0  r . p . m .  i n  3 1  o f  m e d i u m .  Y i e l d s  w e r e  c a l c u l a t e d  o n  t h e  
b a s i s  t h a t  a l l  o f  t h e  p r o l i n e  a n d  n i t r o g e n  c o n t e n t  w a s  d e t e r m i n e d  
b y  m i c r o a n a l y s i s .
D ilu t io n Carbon-Limited N itrogen-Lim ited
Rate Yp r o lin e Nitrogen Yp r o lin e Nitrogen
( h r " 1 ) ( g mol” 1) (% w/w) (g .m o l "1 ) (% w/w)
0 .1 2 7 4 .6 ± 0 .1 (2) 9 .4 (1) 1 0 8 .6 ± 1 .6 (2) -
0 .1 0 7 5 .4 (1) 1 0 .7 (1) 11 5 .4 ± 9 .2 (3) 1 0 .1 (1)
0 .0 7 5 - - 1 3 0 .1 ± 4 .3 (3) 9 .0 ± 0 .1 2 (3)
0 .0 7 6 7 .0 ± 1 .5 (2) 10 .9 (1) 11 7 .3 ± 0 .4 (2) 9 .1 (1)
0 .0 5 7 1 .0 ± 3 .5 (5) 10 .2 ± 0 .2 7 (3) 1 2 5 .1 ± 8 .6 (12) 9 . 1 ± 0 .3 2 (8)
0 .0 2 6 1 .4 ± 0 .6 (2) 10 .7 (1) 1 1 6 .6 ± 1 2 .8 (8) 8 .8 ± 0 .1 4 (5)
0 .0 1 6 0 .0 ± 1 .0 (2) 9 .5 ± 1 .6 3 (2) 1 2 1 .4 ± 1 0 .8 (2) 8 .9 ± 0 .0 4 (2)
Figures in parenthesis represent the number of readings.
118
Am
mo
nia
 c
onc
ent
rat
ion
 (
mM
)
T h e  n i t r o g e n  c o n t e n t  o f  c a r b o n - l i m i t e d  c e l l s  w a s  v i r t u a l l y  
c o n s t a n t ,  w h i l e  f o r  n i t r o g e n - l i m i t e d  c e l l s  i t  r o s e  s l i g h t l y  w i t h  
i n c r e a s i n g  d i l u t i o n  r a t e  ( T a b l e  3 - 5 ) .  T h e s e  r e s u l t s ,  w h i c h  a r e  
v e r y  l i k e  t h o s e  o b t a i n e d  b y  S i l c y t a  e t  a l .  ( 1 9 6 1 )  f o r  s u c r o s e -  
l i m i t e d  a n d  a m m o n i u m  s u l p h a t e - l i m i t e d  c u l t u r e s  o f  S t r e p t o m y c e s  
a u r e o f a c i e n s , s u g g e s t  t h a t  n i t r o g e n  w a s  u s e d  w i t h  g r e a t e r  
e f f i c i e n c y  w h e n  i t  w a s  t h e  l i m i t i n g  n u t r i e n t .  H o w e v e r ,  t h e  
d i f f e r e n c e s  i n  c o m p o s i t i o n  b e t w e e n  n i t r o g e n - r e p l e t e  a n d  n i t r o g e n -  
l i m i t e d  c e l l s  w e r e  n o t  d r a m a t i c ,  r e s u l t s  c o n t r a s t i n g  s t r o n g l y  
w i t h  t h o s e  o b t a i n e d  w h e n  c o m p a r i n g  y i e l d s  o n  p h o s p h a t e  f o r  
p h o s p h a t e - r e p l e t e  a n d  p h o s p h a t e - l i m i t e d  c u l t u r e s  ( s e c t i o n  3 . 1 . 5 ) .
a. b.
Dilution rate (hr'1) Dilution rate (hr-1)
F i g u r e  3 - 1 6  A n  i l l u s t r a t i o n  o f  t h e  c o r r e s p o n d e n c e  b e t w e e n  a .  
a m m o n i a  e x c r e t i o n  a n d  b .  c o n s u m p t i o n  o f  a c i d i c  p H  t i t r a n t  ( H G 1 )  
f o r  c h e m o s t a t  c u l t u r e s  o f  S t r e p t o m y c e s  n o u r s e i  g r o w n  i n  (o) 
p r o l i n e - c a r b o n - l i m i t e d  ( P C L )  o r  ( □ )  p r o l i n e - n i t r o g e n - l i m i t e d  
( P G M 3 )  m e d i u m .  E r r o r  b a r s  r e p r e s e n t  s t a n d a r d  d e v i a t i o n  a b o u t  t h e  
s a m p l e  m e a n .  C u l t u r e s  w e r e  g r o w n  a t  2 8 ° C ,  p H  6 . 5  w i t h  a n  a e r a t i o n  
r a t e  o f  3 l . m i n "  a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  i n  3  1  o f  
m e d i u m .  A m m o n i a  c o n t e n t  o f  t h e  c u l t u r e  s u p e r n a t a n t s  w a s  
d e t e r m i n e d  b y  i o n  c h r o m a t o g r a p h y .  T h e  a m o u n t  o f  l i q u i d  i n  
c a l i b r a t e d  p H  t i t r a n t  r e s e r v o i r s  w a s  r e c o r d e d  a t  i n t e r v a l s  a n d  
t h e  d a t a  u s e d  t o  c a l c u l a t e  H C 1  c o n s u m p t i o n .
119
T h e  p r e s e n c e  o f  l a r g e  a m o u n t s  o f  a m m o n i a  c o n c u r r e n t l y  w i t h  
a n t i b i o t i c  p r o d u c t i o n ,  i n  c a r b o n - l i m i t e d  c u l t u r e s ,  m a y  b e  
i n t e r p r e t e d  a s  e v i d e n c e  t h a t  i n  t h e  c h e m o s t a t  p r o d u c t i o n  o f  t h e  
n y s t a t i n  s y n t h e t i c  e n z y m e s  w a s  n o t  c o m p l e t e l y  r e p r e s s e d  b y  
i n o r g a n i c  n i t r o g e n  s o u r c e s .  H o w e v e r  t h e  g e n e r a l l y  l o w e r  
p r o d u c t i o n  b y  s u c h  c u l t u r e s  w h e n  c o m p a r e d  w i t h  n i t r o g e n - l i m i t e d  
c u l t u r e s  ( F i g u r e  3 - 1 3 )  c o u l d  i n d i c a t e  a  r e d u c t i o n  i n  t h e  
a v a i l a b i l i t y  o f  c a r b o n  b a s e d  p r e c u r s o r s ,  p a r t i a l  i n h i b i t i o n  o f  
t h e  n y s t a t i n  s y n t h e t i c  e n z y m e s  o r  p a r t i a l  r e p r e s s i o n  o f  t h e i r  
s y n t h e s i s .
A m m o n i a  h a s  f r e q u e n t l y  b e e n  r e p o r t e d  t o  r e p r e s s  a n t i b i o t i c  
p r o d u c t i o n  ( A h a r o n o w i t z  a n d  D e m a i n ,  1 9 7 9 ;  S h a p i r o  a n d  V i n i n g ,  
1 9 8 4 ;  T a n a k a  e t  a l . , 1 9 8 6 ) .  E x h a u s t i o n  o f  a m m o n i a  s u p p l i e s  i n  
t h e  m e d i u m  m a y  c o i n c i d e  w i t h  t h e  o n s e t  o f  a n t i b i o t i c  p r o d u c t i o n ,  
a l t h o u g h  t h i s  d o e s  n o t  a p p e a r  t o  b e  m a n d a t o r y  i n  t h e  c a s e  o f  
c h l o r a m p h e n i c o l  p r o d u c t i o n  b y  S t r e p t o m y c e s  v e n e z u e l a e  ( S h a p i r o  
a n d  V i n i n g ,  1 9 8 4 ) .  T h e r e  a p p e a r  t o  b e  l i n k s  b e t w e e n  n i t r o g e n  
a s s i m i l a t o r y  p a t h w a y s  a n d  r e g u l a t i o n  o f  a n t i b i o t i c  p r o d u c t i o n  
( A h a r o n o w i t z ,  1 9 8 0 )  a n d  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  l e v e l  o f  
t h e  e n z y m e  g l u t a m i n e  s y n t h a s e  ( G S )  i s  a n  i m p o r t a n t  c o n t r o l  
e l e m e n t .  A m m o n i a  d e p l e t i o n  i n d u c e s  a  h i g h  a f f i n i t y  t r a n s p o r t  
m e c h a n i s m  i n v o l v i n g  G S , a n d  i n  S t r e p t o m y c e s  c l a v u l i g e r u s  h i g h  
s p e c i f i c  p r o d u c t i o n  o f  c e p h a l o s p o r i n  a n d  h i g h  GS a c t i v i t y  h a v e  
b e e n  f o u n d  t o  c o i n c i d e  ( A h a r o n o w i t z ,  1 9 8 0 ) .  S i m i l a r  l i n k s  h a v e  
b e e n  f o u n d  b e t w e e n  GS a c t i v i t y  a n d  n o u r s e o t h r i c i n  p r o d u c t i o n  i n  
S .  n o u r s e i  ( G r a f e  e t  a l . ,  1 9 7 7 ,  1 9 7 9 ) .  W h e n  h i g h  c o n c e n t r a t i o n s  
o f  a m m o n i a  a r e  a v a i l a b l e  a  l o w  a f f i n i t y  p a t h w a y  i n v o l v i n g  
g l u t a m a t e  d e h y d r o g e n a s e  (G D H )  o p e r a t e s  i n  S .  n o u r s e i  ( G r a f e  e t
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T h e  c a r b o n - l i m i t e d  c e l l s  o f  S .  n o u r s e i  h a d  n o  r e q u i r e m e n t  f o r  
a m m o n i a  u p t a k e  s y s t e m s  s i n c e  e x c e s s  s u p p l i e s  o f  n i t r o g e n  w e r e  
l i b e r a t e d  v i a  p r o l i n e  c a t a b o l i s m .  T h e s e  c u l t u r e s  m a y  h a v e  
c o n t i n u e d  t o  p r o d u c e  n y s t a t i n  i n  t h e  p r e s e n c e  o f  a m m o n i a  b e c a u s e  
i n  t h e  a b s e n c e  o f  t h e  a p p r o p r i a t e  u p t a k e  s y s t e m s  t h e r e  w a s  
n o t h i n g  t o  l i n k  a m m o n i a  l e v e l s  t o  r e g u l a t i o n  o f  t h e  a n t i b i o t i c  
g e n e s .
R e s p i r a t i o n
C a r b o n  d i o x i d e  p r o d u c t i o n  a n d  o x y g e n  u p t a k e  r e s p o n d e d  v e r y  
r a p i d l y  t o  c u l t u r a l  c o n d i t i o n s . W h e n  t h e  d i l u t i o n  r a t e  w a s  
c h a n g e d  t h e s e  r e a d i n g s  w o u l d  w i t h i n  o n e  h o u r  a d j u s t  t o  v a l u e s  
w h i c h  r e m a i n e d  e s s e n t i a l l y  u n c h a n g e d  u n t i l  a n o t h e r  d i l u t i o n  r a t e  
w a s  s e l e c t e d .
C o n s u m p t i o n  o f  o x y g e n  a n d  p r o d u c t i o n  o f  c a r b o n  d i o x i d e  
v a r i e d  w i t h  g r o w t h  r a t e  a n d  w h e n  q Q 2 a n d  q £ Q 2  w e r e  ' p l o t t e d  
a g a i n s t  d i l u t i o n  r a t e  t h e r e  w a s  s t r o n g  e v i d e n c e  o f  a  l i n e a r  
r e l a t i o n s h i p  ( F i g u r e  3 - 1 7 ) .
a l ., 1977) and other organisms (Meers et a l . , 1970).
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T h e  i n t e r c e p t  o n  t h e  Y  a x i s  o f  
e s t i m a t e  o f  m a i n t e n a n c e  c o e f f i  
s l o p e  a n  e s t i m a t e  o f  m a x i m u m  
e s t i m a t e  o f  RQ c a l c u l a t e d  f r <  
m a x i m u m  c a r b o n  d i o x i d e  p r o d u c t  
( T a b l e  3 - 6 )  .
a. Prolino-<
Dilution rate (hr’)
b. Proline-nil
Dilution rato (hr’)
F i g u r e  3 - 1 7  M e t a b o l i c  q u o t i e n t s  f  
c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  
c u l t u r e s  w e r e  m a i n t a i n e d  a t  2 8 ° C
_  j
a n d  a e r a t e d  a t  3  l . m i n  . T h e  s a  
( e r r o r  b a r s )  a r e  s h o w n  w h e r e  t h r e  
A  l i n e  r e p r e s e n t i n g  a  l e a s t  s q u  
s h o w n  o n  e a c h  g r a p h .  O x y g e n  u p t a l *  
g a s  c o n t e n t  o f  s u p p l y  a i r  w i t h  
p a r a m a g n e t i c  o x y g e n  a n a l y s e r ,  
r e l a t i n g  g a s  u p t a k e  t o  t h e  d r }  
f i l t r a t i o n  f r o m  a  m e a s u r e d  v o l u m e
b e s t  s t r a i g h t  l i n e  p r o v i d e d  a n  
n t s  a n d  t h e  r e c i p r o c a l  o f  t h e  
e l d  ( T a b l e  3 - 6 ) .  A n  o v e r a l l  
t h e  m a x i m u m  o x y g e n  y i e l d  a n d  
t y  v a l u e s  w a s  a l s o  c a l c u l a t e d
limited culture
Dilution rate (hr’)
limited culture
Dilution rate (hr1)
: o r  o x y g e n  a n d  c a r b o n  d i o x i d e  f o r  
g r o w n  i n  a . P C L  a n d  b . P G M 3 . T h e  
, p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  
m p l e  m e a n  a n d  s t a n d a r d  d e v i a t i o n  
■e o r  m o r e  v a l u e s  w e r e  a v a i l a b l e ,  
a r e s  f i t  t o  t h e  d a t a  p o i n t s  i s  
: e  w a s  e s t i m a t e d  b y  c o m p a r i n g  t h e  
f e r m e n t e r  e x h a u s t  g a s e s  u s i n g  a  
Q u o t i e n t s  w e r e  c a l c u l a t e d  b y  
r w e i g h t  o f  c e l l s  c o l l e c t e d  b y  
i o f  c u l t u r e .
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T a b l e  3 - 6  M a x i m u m  y i e l d  o n  o x y g e n  a n d  m a i n t e n a n c e  c o e f f i c i e n t s  
f o r  c h e m o s t a t  c u l t u r e s  o f  S .  n o u r s e i  g r o w n  i n  p r o l i n e - c a r b o n -  
l i m i t e d  ( P C L )  a n d  p r o l i n e - n i t r o g e n - l i m i t e d  ( P G M 3 )  m e d i a .  T h e  
c u l t u r e s  w e r e  g r o w n  a t  2 8  ° C ,  p H  6 . 5  w i t h  a n  a e r a t i o n  r a t e  o f  3 
l . m i n "  a n d  a n  a g i t a t i o n  r a t e  o f  1 0 0 0  r . p . m .  i n  3 1  o f  m e d i u m .  
T h e  l i n e s  o f  b e s t  f i t  o n  f i g u r e s  3 - 1 7  w e r e  u s e d  t o  o b t a i n  t h e s e  
e s t i m a t e s .  T h e  i n t e r c e p t s  w e r e  t a k e n  t o  i n d i c a t e  m a i n t e n a n c e  
c o e f f i c i e n t s  a n d  y i e l d  v a l u e s  o b t a i n e d  f r o m  t h e  s l o p e s .
V a ria ble Carbon-Limited N itrogen-Lim ited
Ymax
Ix / o 2
(g .m ol- 1 )
3 2 .2 2 4 .4
vmax 
co, / x
(m ol.g - 1 )
26 x 10~3 3 1 .4  X 10~3
RQ
Ymax v vmax 
x /o 2 co, / x
0 .8 4 0 .7 7
MOj
(mmol .g~-T.hr- 1 )
0 .2 5 2 0 .1 12
m
4co,
(mmol.g~-T.hr- 1 )
0 .1 9 7 0 .1 0 6
C o m p a r i s o n  o f  t h e  t w o  Y g g 2 ^ x  v a l u e s  s h o w s  t h a t  t h e  a m o u n t  o f  
c a r b o n  s u b s t r a t e  o x i d i s e d  t o  p r o v i d e  e n e r g y  f o r  b i o s y n t h e s i s  w a s  
l o w e r  i n  t h e  c a r b o n - l i m i t e d  c u l t u r e s .  H o w e v e r ,  a l l  o f  t h e  c a r b o n  
a n d  e n e r g y  s u p p l i e d  t o  t h e s e  c u l t u r e s  w a s  i n  t h e  f o r m  o f  p r o l i n e  
( 5 0 0  mM c a r b o n )  a n d  a l t h o u g h  t h e  n i t r o g e n - l i m i t e d  c u l t u r e s  
c o n t a i n e d  m o r e  c a r b o n  ( 6 0 0  mM) h a l f  o f  i t  w a s  s u p p l i e d  a s  
g l y c e r o l ,  a  m o r e  o x i d i s e d  c o m p o u n d  w h i c h  m i g h t  b e  e x p e c t e d  t o  
p r o v i d e  l e s s  e n e r g y  p e r  m o l e  o f  c a r b o n .  C a l c u l a t e d  c u r v e s  f o r  
Y q 2 , u s i n g  t h e  l e a s t  s q u a r e s  f i t  d a t a  f r o m  f i g u r e  3 - 1 7 ,  w h e n  
p l o t t e d  w i t h  t h e  i n d i v i d u a l  Y 0 2  r e a d i n g s ,  a g a i n s t  d i l u t i o n  r a t e
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(,.lourB)
i l l u s t r a t e  h o w  m a i n t e n a n c e  r e q u i r e m e n t s  r e d u c e  t h e  o b s e r v e d  y i e l d  
a t  l o w e r  d i l u t i o n  r a t e s  ( F i g u r e  3 - 1 8 ) .
a. Proline-carbon limited culture b. Proline-nitrogen limited culture
Dilution rate (hr’) Dilution rate (hr’)
F i g u r e  3 - 1 8  Y i e l d  o n  o x y g e n  ( Y q 2)  f ° £  c h e m o s t a t  c u l t u r e s  o f  S .
n o u r s e i  g r o w n  i n  a .  P C L  a n d  b .  PGM3 m e d i u m .  T h e  c u l t u r e s  w e r e  
g r o w n  i n  3 1  o f  m e d i u m  a t  2 8  ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  
a n d  a e r a t e d  a t  3 l . m i n "  . T h e  s a m p l e  m e a n  a n d  s t a n d a r d  d e v i a t i o n  
( e r r o r  b a r s )  a r e  s h o w n  w h e r e  t h r e e  o r  m o r e  v a l u e s  w e r e  a v a i l a b l e .  
O x y g e n  u p t a k e  w a s  e s t i m a t e d  b y  c o m p a r i n g  t h e  g a s  c o n t e n t  o f  
s u p p l y  a i r  w i t h  f e r m e n t e r  e x h a u s t  g a s e s  u s i n g  a  p a r a m a g n e t i c  
o x y g e n  a n a l y s e r .  Y i e l d s  w e r e  c a l c u l a t e d  b y  r e l a t i n g  g a s  u p t a k e  t o  
t h e  d r y  w e i g h t  o f  c e l l s  c o l l e c t e d  b y  f i l t r a t i o n  f r o m  a  m e a s u r e d  
v o l u m e  o f  c u l t u r e .  T h e  f i t t e d  c u r v e  w a s  c a l c u l a t e d  f r o m  t h e  l i n e s  
s h o w n  o n  t h e  c o r r e s p o n d i n g  p a r t s  o f  f i g u r e  3 - 1 7  b y  t a k i n g  t h e  
r e c i p r o c a l  o f  t h e  s l o p e .
E x c r e t i o n  o f  O r g a n i c  A c i d s
T h e  g r e a t e s t  q u a n t i t y  a n d  v a r i e t y  o f  o r g a n i c  a c i d s  w a s  f o u n d  
i n  s a m p l e s  t a k e n  d u r i n g  b a t c h  g r o w t h  o r  i n  t r a n s i t i o n a l  s t a g e s  o f  
c h e m o s t a t  c u l t u r e s .  A l t h o u g h  n o t  a l l  o f  t h e  a c i d s  d e t e c t e d  c o u l d  
b e  i d e n t i f i e d ,  w e a k  a n i o n s  s e p a r a t e d  u s i n g  t h e  H P I C E - A S 1  c o l u m n  
f r e q u e n t l y  i n c l u d e d  a c e t a t e  a n d  a  p e a k  c o r r e s p o n d i n g  t o  f o r m a t e  
o r  f u m a r a t e .  S t r o n g  a n i o n s  i n c l u d i n g  d i c a r b o x y l i c  a c i d s  w e r e  a l s o  
d e t e c t e d  u s i n g  t h i s  c o l u m n  s e t ,  c l o s e l y  b u n c h e d  a t  t h e  f r o n t  o f  
t h e  c h r o m a t o g r a m ,  w h e r e  t h e y  c o u l d  n o t  b e  p r o p e r l y  i d e n t i f i e d .  
T h e  H P I C - A S 4 A  c o l u m n  s e t  w h i c h  w a s  u s e d  f o r  p h o s p h a t e  a n d
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s u l p h a t e  p r o v e d  i n  a d d i t i o n  t o  b e  u s e f u l  f o r  d e t e c t i n g  
d i c a r b o x y l i c  a c i d s .  S a m p l e s  t a k e n  d u r i n g  t h e  b a t c h  p h a s e  u s u a l l y  
c o n t a i n e d  2 - o x o - g l u t a r a t e ,  f r e q u e n t l y  a c c o m p a n i e d  b y  a n  a c i d  w i t h  
a  r e t e n t i o n  t i m e  c o r r e s p o n d i n g  t o  o x a l a t e .
T h e  i n c i d e n t a l  o b s e r v a t i o n s  o f  a c i d s  i n  b a t c h  a n d  
t r a n s i t i o n a l  s t a g e s  a r e  c o n s i s t e n t  w i t h  r e p o r t s  f r o m  P o p o v a  & 
S t e p a n o v a  ( 1 9 6 2 )  a n d  T o r o p o v a  e t  a l .  ( 1 9 7 2 )  t h a t  l i k e  s e v e r a l  
o t h e r  s t r e p t o m y c e t e s  ( s e e  i n t r o d u c t i o n )  S .  n o u r s e i  i s  c a p a b l e  o f  
e x c r e t i n g  t y p i c a l  o v e r f l o w  m e t a b o l i t e s ,  p a r t i c u l a r l y  2 - o x o -  
g l u t a r a t e ,  o x a l a t e ,  f u m a r a t e  a n d  p y r u v a t e .
F i l t r a t e s  o f  c h e m o s t a t  s a m p l e s  t a k e n  f r o m  p r o p e r l y  
e q u i l i b r a t e d  s t e a d y - s t a t e s  c o n t a i n e d  o r g a n i c  a c i d s  w h e n  c u l t u r e s  
w e r e  g r o w n  n i t r o g e n - l i m i t e d  a t  d i l u t i o n  r a t e s  o f  0 . 1  a n d  0 . 1 2  
h r - 1  b u t  a t  l o w e r  d i l u t i o n  r a t e s  o r  u n d e r  c a r b o n  l i m i t a t i o n  t h e r e  
w a s  n o  s i g n i f i c a n t  a c c u m u l a t i o n  o f  t h e s e  m e t a b o l i t e s .  N i t r o g e n -
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l i m i t e d  c u l t u r e s  g r o w i n g  a t  d i l u t i o n  r a t e s  o f  0 . 1  h r  c o n t a i n e d
2 - o x o - g l u t a r a t e  a n d  t h o s e  g r o w n  a t  0 . 1 2  h r " 1  c o n t a i n e d ,  i n  
a d d i t i o n ,  f u m a r a t e  a n d  u n i d e n t i f i e d  p e a k  r e t a i n e d  l o n g e r  t h a n  
o x a l a t e  ( F i g u r e  3 - 1 9 ) .  T h e  a p p e a r a n c e  o f  t h e s e  a c i d s  i n  t h e  
f i l t r a t e s  w a s  a c c o m p a n i e d  b y  a n  i n c r e a s e ,  i n  t h e  a m o u n t  o f  
s o l u b l e  c a r b o n  r e c o v e r e d  i n  t h e  c u l t u r e  f i l t r a t e  ( T a b l e  3 - 3 )  . 
C h e m o s t a t  s a m p l e s  t a k e n  w h e n  t h e  g r o w t h  r a t e  w a s  a p p r o x i m a t e l y
0 . 5  jdm a x  ( D  =  0 . 0 5  -  0 . 0 7 5  h r " 1 )  w h i c h  d i d  n o t  t o  c o n t a i n
m e t a b o l i t e s  e x c r e t e d  o n l y  7  -  1 0 %  o f  t h e  c a r b o n  i n t o  t h e  c u l t u r e  
f i l t r a t e .  A l t h o u g h  t h e  a c i d s  w h i c h  c o u l d  b e  i d e n t i f i e d  a n d  
q u a n t i f i e d  b y  i o n  c h r o m a t o g r a p h y  a c c o u n t e d  f o r  l e s s  t h a n  4% o f  
t h e  c a r b o n  c o n s u m e d  b y  t h e  c u l t u r e  a t  D = 0 . 1  o r  0 . 1 2  h r - 1  t h e i r  
p r e s e n c e  a n d  t h a t  o f  u n i d e n t i f i e d  a c i d s  w a s  t a k e n  a s  a n
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i n d i c a t i o n  t h a t  o v e r f l o w  m e t a b o l i s m  w a s  o c c u r r i n g  i n  t h e s e  
c u l t u r e s .
N i t r o g e n - l i m i t e d  c u l t u r e s  o f  K l e b s i e l l a  a e r o g e n e s  s u p p l i e d  
w i t h  e x c e s s  c a r b o n  a s  g l y c e r o l  a l s o  e x c r e t e  2 - o x o - g l u t a r a t e  
( N e i j s s e l  a n d  T e m p e s t ,  1 9 7 5 )  w i t h  a l m o s t  1 3 %  o f  t h e  c a r b o n  
u s e d  b y  t h e  o r g a n i s m  a p p e a r i n g  i n  t h i s  f o r m  a n d  a  f u r t h e r  4%  a s
A015 CS25 233h 15:63 19/03/87
X_____________________________ 1.80 Chloride
3.95 Nitrate—----- =■— 4.75 Phosphate
5.95 Sulphate
12.65 20G
14.46 Fumarate
A617 C325 282h 15:44 19/03/87
A018 Cal 5 16:04 19/03/87
F i g u r e  3 - 1 9  I o n  c h r o m a t o g r a m s  o f  f i l t r a t e  f r o m  c h e m o s t a t  c u l t u r e s  
o f  S .  n o u r s e i  g r o w n  i n  PGM3 a t  a  d i l u t i o n  r a t e  o f  a .  0 . 1  h r  "  , 
0 . 1 2  h r ”  a n d  f o r  c o m p a r i s o n  c .  a  r e f e r e n c e  m i x t u r e  ( 2 0 G  =  2 - o x o -  
g l u t a r a t e )  . T h e  e a r l y  r u n n i n g  p e a k s  i n c l u d e  a n y  m o n o c a r b o x y l i c  
a c i d s  i n  a d d i t i o n  t o  c h l o r i d e .  C u l t u r e s  w e r e  g r o w n  a t  2 8  ° C ,  p H  
6 . 5  i n  3  1  o f  m e d i u m  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  
3 l . m i n "  .
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a c e t a t e .  A l t h o u g h  t h e s e  v a l u e s  a r e  h i g h e r  t h a n  o b s e r v e d  w i t h  S .  
n o u r s e i  t h i s  i s  a l m o s t  c e r t a i n l y  b e c a u s e ,  p e r  m o l e  o f  n i t r o g e n ,  
t h e  m e d i u m  u s e d  b y  N e i j s s e l  a n d  T e m p e s t  s u p p l i e d  t h r e e  t i m e s  a s  
m u c h  c a r b o n  a s  P G M 3 . O v e r f l o w  m e t a b o l i s m  a p p e a r s  t o  r e s u l t  w h e n  
c a r b o n  s u b s t r a t e s  a r e  i n  e x c e s s  a n d  c a r b o n  c a t a b o l i s m  g e n e r a t e s  
i n t e r m e d i a t e s  m o r e  r a p i d l y  t h a n  t h e y  c a n  b e  i n c o r p o r a t e d  i n t o  
b i o m a s s .  T h i s  s i t u a t i o n  m a y  n o t  h a v e  a r i s e n  a t  l o w  d i l u t i o n  r a t e s  
i n  e x p e r i m e n t s  w i t h  S .  n o u r s e i  b e c a u s e  PGM3 m e d i u m  c o n t a i n e d  o n l y  
a  m o d e r a t e  e x c e s s  o f  g l y c e r o l  w h i c h  c o u l d  b e  d i v e r t e d  i n t o  
a d d i t i o n a l  p r o d u c t s  e g .  p i g m e n t s .  H o w e v e r  a t  d i l u t i o n  r a t e s  
a p p r o a c h i n g  Mm a x  t h e  i n c r e a s e d  c a r b o n  f l u x  a p p e a r s  t o  h a v e  b e g u n  
t o  o u t s t r i p  t h e  c a p a c i t y  o f  a s s i m i l a t o r y  p a t h w a y s .
E x c r e t i o n  o f  a n  o r g a n i c  a c i d  ( a c e t a t e )  b y  E n t e r o b a c t e r  
a e r o g e n e s  h a s  a l s o  b e e n  f o u n d  t o  i n c r e a s e  w i t h  g r o w t h  r a t e  
( C o o n e y  e t  a l . ,  1 9 7 6 ) .  T h e  e f f e c t  w a s  m o r e  p r o n o u n c e d  w h e n ,  a s  i n  
t h e s e  S .  n o u r s e i  e x p e r i m e n t s ,  t h e  c u l t u r e  w a s  n i t r o g e n  l i m i t e d .  A  
f u r t h e r  e x a m p l e  o f  g r o w t h  r a t e  r e l a t e d  s h i f t s  f r o m  c o m p l e t e  t o  
p a r t i a l  o x i d a t i o n  o f  s u b s t r a t e s  w a s  s t u d i e d  i n  S a c c h a r o m y c e s  
c e r e v i s i a e  b y  P e t r i k  e t  a l .  ( 1 9 8 3 ) ,  R i e g e r  e t  a l .  ( 1 9 8 3 )  a n d  
K a p p e l i  e t  a l .  ( 1 9 8 5 a ,  1 9 8 5 b ) .  T h e  e x p e r i m e n t s  d e s c r i b e d  b y  t h e s e  
w o r k e r s  s h o w e d  t h a t  a t  g r o w t h  r a t e s  b e l o w  0 . 2 5  h r  y e a s t  c e l l s  
i n c o r p o r a t e d  t h e  c a r b o n  f r o m  g l u c o s e  i n t o  c e l l s  a n d  c a r b o n  
d i o x i d e .  A b o v e  a  c r i t i c a l  g r o w t h  r a t e ,  i n  t h e  r e g i o n  o f  0 . 2 5  -
_ i
0 . 3  h r  , t h e  b i o m a s s  y i e l d  f e l l  a n d  e t h a n o l  w a s  e x c r e t e d .  T h e s e  
d a t a  w e r e  i n t e r p r e t e d  b y  S o n n l e i t n e r  & K a p p e l i  ( 1 9 8 6 )  i n  t e r m s  o f  
a  m e t a b o l i c  b o t t l e n e c k  m o d e l  w h i c h  s u g g e s t e d  t h a t  t h e  f l u x  
t h r o u g h  t h e  r e s p i r a t o r y  c h a i n  o f  t h e  y e a s t  w a s  t h e  l i m i t i n g  
f a c t o r .
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T h e  d a t a  o b t a i n e d  w i t h  S .  n o u r s e i  m a y  a l s o  b e  i n t e r p r e t e d  a s  
i n d i c a t i n g  t h a t  t h e r e  i s  a  m e t a b o l i c  b o t t l e n e c k  i n  t h i s  s p e c i e s . 
T h e  s t r i c t  l i n e a r  i n c r e a s e  i n  q Q 2  a n d  q C 0 2 ( F i g .  3 - 1 7 )  w i t h  
d i l u t i o n  r a t e  c o n t r a s t s  w i t h  t h e  d a t a  o f  R i e g e r  e t  a l .  ( 1 9 8 3 ) ,  
w h e r e  n o  f u r t h e r  i n c r e a s e s  w e r e  s e e n  o n c e  c o m p l e t e  o x i d a t i o n  
c e a s e d ,  p e r h a p s  i n d i c a t i n g  t h a t  i n  t h e  c a s e  o f  S .  n o u r s e i  
r e s p i r a t o r y  c a p a c i t y  w a s  n o t  t h e  l i m i t i n g  s t e p .  T h e  d a t a  o f  
N e i j s s e l  & T e m p e s t  ( 1 9 7 5 ) ,  f o r  K .  a e r o g e n e s , a l s o  i n d i c a t e  t h a t  
t h e  i n c o m p l e t e  o x i d a t i o n  o f  s u b s t r a t e s  t o  o v e r f l o w  m e t a b o l i t e s  
w a s  a s s o c i a t e d  w i t h  a  r a n g e  o f  q G 2  v a l u e s  r a t h e r  t h a n  a  f i x e d  
v a l u e  c o r r e s p o n d i n g  t o  s a t u r a t i o n  o f  r e s p i r a t o r y  c a p a c i t y .
T h e  p r e c i s e  n a t u r e  o f  t h e  l i m i t i n g  s t e p  i n  t h e s e  S .  n o u r s e i
e x p e r i m e n t s  c a n n o t  b e  i d e n t i f i e d  f r o m  t h e  d a t a  a v a i l a b l e ,
a l t h o u g h  t h e  o b s e r v a t i o n s  i n d i c a t e  w h e r e  f u r t h e r  i n v e s t i g a t i o n s
m i g h t  b e  d i r e c t e d .  T h e  a c c u m u l a t i o n  o f  2 - o x o - g l u t a r a t e  a n d ,  a t
h i g h e r  d i l u t i o n  r a t e s ,  f u m a r a t e  s u g g e s t  t h a t  t h e  K r e b s  c y c l e
e n z y m e s  l i n k i n g  2 - o x o - g l u t a r a t e  a n d  f u m a r a t e  m a y  b e  t h e
b o t t l e n e c k .  A n a p l e r o t i c  r e a c t i o n s ,  m o r e  c h a r a c t e r i s t i c  o f
a n a e r o b i c  g r o w t h  ( M o a t  & F o s t e r ,  1 9 8 8 ) ,  m a y  b e  o p e r a t i n g  a t  t h e
h i g h e r  g r o w t h  r a t e  t o  s y n t h e s i s e  f u m a r a t e .  C o n s i d e r i n g  t h e
s a t u r a t i o n  o f  t h e  r e s p i r a t o r y  c h a i n  o f  S .  c e r e v i s i a e  a t  h i g h
s u b s t r a t e  f l u x e s  r a i s e s  t h e  p o s s i b i l i t y  t h a t ,  a s  r e s p i r a t i o n  i n
S .  n o u r s e i  a p p r o a c h e s  s a t u r a t i o n ,  t h e  o x i d a t i o n  o f  2 - o x o -
g l u t a r a t e  t o  f u m a r a t e  m a y  b e  a m o n g  t h e  p a t h w a y s  m o s t  s e n s i t i v e  t o  
*4“r e d u c e d  NAD l e v e l s .
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3.2.3 Utilisation of Inorganic Nutrients
Y i e l d  c o n s t a n t s  f o r  p h o s p h o r u s  ( Y p )  c a l c u l a t e d  f r o m  r e s i d u a l  
p h o s p h a t e  r e a d i n g s  w e r e  s c a t t e r e d  a r o u n d  1 0 0 0  g . m o l - 1  
( T a b l e  3 - 7 ) ,  v a l u e s  s i m i l a r  t o  t h o s e  d e t e r m i n e d  f o r  c u l t u r e s
g r o w n  i n  a  r a n g e  o f  m e d i a  a t  a  d i l u t i o n  r a t e  o f  0 , 0 5  h r
( A p p e n d i x  2 ) .  T h e  d a t a  i n d i c a t e  t h a t  Y p  w a s  u n a f f e c t e d  b y  g r o w t h  
r a t e  a n d  t h a t  b o t h  c a r b o n -  a n d  n i t r o g e n - l i m i t e d  c e l l s  h a d  s i m i l a r  
r e q u i r e m e n t s  f o r  p h o s p h a t e .  S i n c e  t h e  m e d i a  c o n t a i n e d  e n o u g h
p h o s p h a t e  t o  s u p p o r t  u p  t o  1 2  g . l " 1  o f  b i o m a s s  a l l  c u l t u r e s
c o n t a i n e d  a b o u t  5 mM r e s i d u a l  p h o s p h a t e  ( T a b l e  3 - 2 ) .  P r o d u c t i o n  
o f  m a n y  a n t i b i o t i c s  m a y  b e  i n h i b i t e d  b y  i n o r g a n i c  p h o s p h a t e  
( M a r t i n ,  1 9 7 7 )  a n d  i n  t h e  c a s e  o f  n y s t a t i n  c o n c e n t r a t i o n s  i n  t h e  
r a n g e  1 . 6  t o  2 . 2  mM a r e  r e p o r t e d  t o  p e r m i t  s y n t h e s i s .  S i n c e  a l l  
c h e m o s t a t  c u l t u r e s  s y n t h e s i s e d  n y s t a t i n ,  d e s p i t e  t h e  p r e s e n c e . o f  
p o t e n t i a l l y  i n h i b i t o r y  a m o u n t s  o f  p h o s p h a t e ,  p r o d u c t i o n  o f  t h e  
a n t i b i o t i c  i n  t h i s  e x p e r i m e n t a l  s y s t e m  d i d  n o t  a p p e a r  t o  b e  
s u b j e c t  t o  p h o s p h a t e  r e p r e s s i o n .
129
T a b l e  3 - 7  Y i e l d  p h o s p h a t e  a n d  o n  s u l p h a t e  f o r  c h e m o s t a t  c u l t u r e s  
o f  S .  n o u r s e i  g r o w n  i n  P C L  a n d  PGM3 m e d i a .  F e r m e n t e r s  c o n t a i n e d  
3 1  o f  c u l t u r e  m a i n t a i n e d  a t  2 8 ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  
a n d  a e r a t e d  a t  3 l . m i n '  . P h o s p h a t e  a n d  s u l p h a t e  c o n t e n t  o f  
c u l t u r e  f i l t r a t e s  w a s  d e t e r m i n e d  b y  i o n  c h r o m a t o g r a p h y  a n d  y i e l d s  
c a l c u l a t e d  u s i n g  v a l u e s  o b t a i n e d  b y  s u b t r a c t i n g  t h e  r e a d i n g s  f r o m  
t h e  k n o w n  c o m p o s i t i o n  o f  u n i n o c u l a t e d  m e d i u m .
Dilution
Rate
(hr- 1 )
Carbon-Limited Nitrogen-Limited
'-Phosphate
(g.mol- 1 )
^Sulphate
(g.mmol-1
Number of  
Readings
^Phosphate
(g.mol- 1 )
'-Sulphate 
— 1(g.mmol
Number of 
Readings
0.12 1061 + 127 8.8 + 1.2 2 - -
0.10 1010 8.8 l 1172 - 1
0.075 - - 1216 ± 34 14.7 + 0.6 3
0.07 937 + 8 7.8 +0 . 5 2 1057 ± 37 10.4 ±0. 6 2
0.05 1012 ± 45 8.3 ±1.3 3 1123 ±103 13,1 ±1.4 13
0. 02 935 + 66 12 .4 + 1.6 2 929 ±105 10.7 ±1.9 8
0. 01 1017 ±182 9.8 ±0.4 2 997 ±118 11.9 ±4.5 2
R e s i d u a l  s u l p h a t e  w a s  d e t e r m i n e d  b y  i o n  c h r o m a t o g r a p h y  a n d
t h e  y i e l d  o n  s u l p h u r  ( Y g )  c a l c u l a t e d  ( T a b l e  3 - 7 ) ,  T h e  c e l l s
a p p e a r e d  t o  h a v e  a  s l i g h t l y  g r e a t e r  r e q u i r e m e n t  f o r  s u l p h u r  w h e n
p r o l i n e - c a r b o n  l i m i t e d  t h a n  w h e n  n i t r o g e n  l i m i t e d .  S i n c e  b o t h
n i t r o g e n  a n d  s u l p h u r  a r e  i n c o r p o r a t e d  i n t o  p r o t e i n s  t h i s  r e s u l t
c o u l d  r e f l e c t  a  t e n d e n c y  o f  n i t r o g e n - l i m i t e d  c e l l s  t o  b e  m o r e
e c o n o m i c a l  i n  t h e i r  u s e  o f  p r o t e i n s  t h a n  t h e i r  c a r b o n - l i m i t e d
e q u i v a l e n t s . T h e r e  w e r e  n o  o b v i o u s  r e l a t i o n s h i p s  b e t w e e n  Y g  a n d
g r o w t h  r a t e .  C o m p a r i s o n  o f  t h e s e  r e s u l t s  w i t h  t h e  v a l u e  o f  1 2 . 3
g . m m o l  1  o b t a i n e d  w i t h  s u l p h u r - l i m i t e d  c u l t u r e s  ( S e c t i o n  3 . 1 . 4 )
1
g r o w n  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5  h r  a p p e a r e d  t o  i n d i c a t e  t h a t  
s l i g h t l y  m o r e  s u l p h u r  w a s  u s e d  w h e n  a v a i l a b l e  i n  e x c e s s .
T h e  p o t a s s i u m  c o n c e n t r a t i o n  i n  m o s t  c u l t u r e  f i l t r a t e s  w a s  
b e t w e e n  1 7  a n d  2 0  m M . C a l c u l a t i o n s  b a s e d  o n  t h e s e  f i g u r e s
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i n  t h e  r a n g e  0 . 6 3  t o  1 . 2  m m o l . g  . T h e  c a l c u l a t i o n  o f  t h e s e  
v a l u e s  b y  s u b t r a c t i o n  w a s  n o t  r e g a r d e d  a s  s u f f i c i e n t l y  a c c u r a t e  
t o  d e t e c t  v a r i a t i o n s  i n  p o t a s s i u m  c o n t e n t  w i t h  d i l u t i o n  r a t e  a s  
o b s e r v e d  b y  R a t w a t t e  a n d  W a s e  ( 1 9 8 8 )  i n  c h e m o s t a t  c u l t u r e s  o f  
E s c h e r i c h i a  c o l i .
T h e  s o d i u m  c o n t e n t  o f  c u l t u r e  f i l t r a t e s  w a s  e s t i m a t e d  b y  i o n  
c h r o m a t o g r a p h y  i n  c o n j u n c t i o n  w i t h  a m m o n i a  a n d  p o t a s s i u m  l e v e l s .  
C a l c u l a t i o n s  o f  s o d i u m  b a l a n c e  f o r  s e l e c t e d  s a m p l e s  s h o w e d  t h a t  
r e a d i n g s  r e f l e c t e d  t h e  a m o u n t s  o f  s o d i u m  i n i t i a l l y  i n c o r p o r a t e d  
i n t o  t h e  m e d i u m  p l u s  a n y  s u b s e q u e n t l y  a d d e d  i n  t h e  p H  t i t r a n t .  
N i t r o g e n - l i m i t e d  c u l t u r e s  c o n t a i n e d  a t  l e a s t  1 8  mM s o d i u m  a n d  
f r e q u e n t l y  c o n t a i n e d  m o r e  t h a n  > 3 0  mM s o d i u m .  C a r b o n - l i m i t e d  
c u l t u r e s ,  w h i c h  e x c r e t e d  a m m o n i a  a n d  r e q u i r e d  l e s s  a d j u s t m e n t  
w i t h  NaOH ( F i g u r e  3 - 1 6 ) ,  c o n t a i n e d  9 t o  1 8  mM s o d i u m .  C h l o r i d e  
c o n t e n t  o f  t h e  c u l t u r e  f i l t r a t e s  a l s o  r e f l e c t e d  t h e  a m o u n t  o f  H C 1 
r e q u i r e d  t o  a c i d i f y  t h e  m e d i u m  r e s e r v o i r  a n d  t o  a d j u s t  t h e  p H  i n  
t h e  c u l t u r e  v e s s e l .
indicated that the potassium content of the biomass was normally
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3 . 3  C h e m o s t a t  C u l t u r e s  o f  S t r e p t o m y c e s  n o u r s e i  In  G l u t a m a t e  
G l y c e r o l  M e d i u m  a t  a  R a n g e  o f  D i l u t i o n  R a t e s
E x p e r i m e n t s  w i t h  p r o l i n e  a n d .  g l y c e r o l  b a s e d  m e d i a  
d e m o n s t r a t e d  t h a t  g r o w t h - r e l a t e d  p r o d u c t i o n  o f  n y s t a t i n  c o u l d  b e  
s u s t a i n e d  i n  a  n i t r o g e n - l i m i t e d  c h e m o s t a t  c u l t u r e  o f  S .  n o u r s e i . 
S i n c e  t h i s  p h e n o m e n o n  w a s  n o t  o b s e r v e d  w i t h  c a r b o n - l i m i t e d  
c h e m o s t a t  c u l t u r e s  i t  a p p e a r e d  t h a t  n i t r o g e n  a v a i l a b i l i t y  m i g h t  
p l a y  a n  i m p o r t a n t  p a r t  I n  r e g u l a t i n g  n y s t a t i n  b i o s y n t h e s i s .  
H o w e v e r ,  a m i n o  a c i d  c o n t a i n i n g  m e d i a ,  p a r t i c u l a r l y  t h o s e  
i n c o r p o r a t i n g  p r o l i n e ,  h a v e  f r e q u e n t l y  b e e n  f o u n d  t o  s u p p o r t  g o o d  
a n t i b i o t i c  p r o d u c t i o n .  F u r t h e r  w o r k  w a s  u n d e r t a k e n  t o  a s s e s s  
w h e t h e r  t h e  f o r m  o f  t h e  n i t r o g e n  s o u r c e  a f f e c t e d  t h e  e x p r e s s i o n  
o f  g r o w t h - r e l a t e d  n y s t a t i n  p r o d u c t i o n .
A e r o b i c  c a t a b o l i s m  o f  p r o l i n e  h a s  b e e n  r e p o r t e d  t o  p r o c e e d  
b y  w a y  o f  g l u t a m a t e  i n  a  w i d e  r a n g e  o f  l i v i n g  o r g a n i s m s  i n c l u d i n g  
m a m m a l s ,  i n s e c t s  ( S t r e c k e r ,  1 9 7 1 ) ,  n e m a t o d e s  ( G r a n t h a m  a n d  
B a r r a t t ,  1 9 8 6 ) ,  f u n g i  ( D u r r e n s  e t  a l . , 1 9 8 6 ;  L u n d g r e n  a n d  O g u r ,  
1 9 7 3 )  a n d  b a c t e r i a  ( F r a n k  a n d  R a n h a n d ,  1 9 6 4 ;  D e  H a u w e r  e t  a l . ,  
1 9 6 4 ;  M e i l e  e t  a l . ,  1 9 8 0 )  a n d  t h e r e  i s  n o  r e a s o n  t o  s u p p o s e  t h a t  
S .  n o u r s e i  i s  u n u s u a l  i n  t h i s  r e s p e c t .  N i t r o g e n  s u p p l i e d  i n  t h e  
f o r m  o f  g l u t a m a t e  m i g h t  t h u s  b e  e x p e c t e d  t o  h a v e  e f f e c t s  u p o n  t h e  
c e l l  s i m i l a r  t o  p r o l i n e  n i t r o g e n .  C o m p a r i s o n  o f  g l u t a m a t e - l i m i t e d  
c h e m o s t a t s  w i t h  t h e  e a r l i e r  w o r k  a p p e a r e d  l i k e l y  t o  i n d i c a t e  
w h e t h e r  g r o w t h - r e l a t e d  p r o d u c t i o n  o f  n y s t a t i n  w a s  a  u n i q u e  
p r o p e r t y  o f  p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e s .
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A  m e d i u m  w a s  f o r m u l a t e d  i n  w h i c h  t h e  p r o l i n e  o f  PGM3 
( s e c t i o n  2 . 1 . 3 )  w a s  r e p l a c e d  b y  a n  e q u i m o l a r  a m o u n t  o f  g l u t a m i c  
a c i d  r e s u l t i n g  i n  a  g l u t a m a t e  g l y c e r o l  m e d i u m  (G G M , s e c t i o n  
2 . 1 . 4 ) .  T h e  a m i n o  a c i d  d i s s o l v e d  u p o n  a u t o c l a v i n g  a n d  r e d u c e d  t h e  
p H  s u f f i c i e n t l y  t o  r e t a i n  t r a c e  e l e m e n t s  i n  s o l u t i o n  w i t h o u t
a d d i t i o n s  o f  h y d r o c h l o r i c  a c i d .  C h e m o s t a t  e x p e r i m e n t s  w e r e
u n d e r t a k e n  t o  i n v e s t i g a t e  a n t i b i o t i c  p r o d u c t i o n ,  r e s p i r a t i o n  a n d  
o r g a n i c  a c i d  e x c r e t i o n  i n  t h i s  n e w  m e d i u m .
T h e  m a x i m u m  s p e c i f i c  g r o w t h  r a t e  o n  g l u t a m a t e  g l y c e r o l  
m e d i u m  w a s  e s t i m a t e d  a t  0 . 3 3  h r " 1 , t a k i n g  c a r b o n  d i o x i d e  
e x c r e t i o n  d u r i n g  e x p o n e n t i a l  g r o w t h  i n  b a t c h  c u l t u r e  a s  a n  
i n d i c a t o r  o f  b i o m a s s  c o n c e n t r a t i o n .  T h i s  g r o w t h  r a t e  w a s  m u c h  
h i g h e r  t h a n  t h a t  s e e n  f o r  t h e  e q u i v a l e n t  p r o l i n e  m e d i u m  ( P G M 3 ,  
Mm a x = 0 . i 7 9  h r ’ 1 )  a n d  s u g g e s t s  t h a t  g l u t a m a t e  c a n  b e  u t i l i s e d  m o r e  
r e a d i l y  t h a n  p r o l i n e .  T w o  f a c t o r s  w h i c h  m a y  h a v e  a  r o l e  i n  
a l l o w i n g  a  h i g h e r  g r o w t h  r a t e  a r e : -
1 .  G l u t a m a t e  m a y  b e  t r a n s p o r t e d  m o r e  r a p i d l y  t h a n  p r o l i n e  a s  
o b s e r v e d  i n  S t r e p t o m y c e s  a n t i b i o t i c u s  b y  M a y  a n d  F o r m i c a
( 1 9 7 8 )  w h o  r e p o r t e d  a  m a x i m u m  r e a c t i o n  v e l o c i t y  ( V m a x )  f o r  
g l u t a m a t e  u p t a k e  b y  g l u t a m a t e - g r o w n  c e l l s  2 9  t i m e s  g r e a t e r
t h a n  V m a x  f o r  p r o l i n e  u p t a k e  b y  p r o l i n e - g r o w n  c e l l s .
2 .  O n c e  i n s i d e  t h e  c e l l  g l u t a m a t e  c a n  b e  d e a m i n a t e d  t o  e n t e r  t h e  
K r e b s  c y c l e  o r  t a k e  p a r t  i n  t r a n s a m i n a t i o n  r e a c t i o n s . T h e  
o x i d a t i o n  o f  p r o l i n e  t o  g l u t a m a t e  m a y  r e s t r i c t  t h e  r a t e  a t  
w h i c h  c a r b o n  a n d  n i t r o g e n  f r o m  p r o l i n e  m a y  e n t e r  t h e  c e n t r a l  
m e t a b o l i c  p a t h w a y s .  T h e  i m p o r t a n c e  o f  g l u t a m a t e  i s  
i l l u s t r a t e d  b y  a  r e p o r t  t h a t  i t  c o n s t i t u t e d  m o r e  t h a n  h a l f  
t h e  a m i n o  a c i d  p o o l  o f  S t r e p t o m y c e s  h y d r o g e n a n s  ( L a n g h e i n r i c h
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a n d  R i n g ,  1 9 7 6 )  w h i l e  p r o l i n e  w a s  v i r t u a l l y  a b s e n t ,  
o b s e r v a t i o n s  i n  a c c o r d  w i t h  t h o s e  o f  T e m p e s t  e t  a l .  ( 1 9 7 0 b )  
r e g a r d i n g  a m i n o  a c i d  p o o l s  i n  n o n - f i l a m e n t o u s  b a c t e r i a .
U n d e r  c h e m o s t a t  c o n d i t i o n s  t h e  g l u t a m a t e  m e d i u m  s u p p o r t e d
b e t w e e n  b e t w e e n  7 . 2 6  a n d  7 . 5 3  g . l " 1  o f  b i o m a s s  ( T a b l e  3 - 8 )
f i g u r e s  s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  PGM3 m e d i u m  a n d  c o n s i s t e n t
w i t h  g r o w t h  b e i n g  l i m i t e d  b y  t h e  a v a i l a b i l i t y  o f  g l u t a m a t e -
n i t r o g e n .  T h e  l e v e l s  o f  r e s i d u a l  p h o s p h a t e  w e r e  a l s o  s i m i l a r  t o
t h o s e  f o u n d  w h e n  c u l t u r e s  w e r e  g r o w n  i n  PGM3 o r  P C L  e x c e p t  t h a t
1
w h e n  g r o w n  i n  GGM a t  a  d i l u t i o n  r a t e  o f  0 . 0 2  h r  t h e  c e l l s  h a d  a  
h i g h e r  d e m a n d  f o r  p h o s p h o r u s .
T a b l e  3 - 8 .  F e r m e n t a t i o n  d a t a  f o r  g l u t a m a t e - n i t r o g e n - l i m i t e d  
c h e m o s t a t  c u l t u r e s  o f  S t r e p t o m y e e s  n o u r s e i  u n d e r  s t e a d y - s t a t e  
c o n d i t i o n s .  T h e  c u l t u r e s  w e r e  g r o w n  i n  3 1  o f  GGM a t  2 8  ° G ,  p H  
6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3 l . m i n ’ 1 . B i o m a s s  w a s  
e s t i m a t e d  b y  w e i g h i n g  d r i e d  m y c e l i u m  f i l t e r e d  f r o m  a  m e a s u r e d  
v o l u m e  o f  c u l t u r e .  G y c l o h e x i m i d e  w a s  e s t i m a t e d  b y  b i o a s s a y  o f  
e t h y l  a c e t a t e  e x t r a c t s  o f  w h o l e  c u l t u r e  b r o t h .  R e s i d u a l  g l y c e r o l  
a n d  p h o s p h a t e  i n  t h e  c u l t u r e  f i l t r a t e  w e r e  d e t e r m i n e d ,  
r e s p e c t i v e l y ,  u s i n g  a n  a u t o  a n a l y s e r  a n d  b y  i o n  c h r o m a t o g r a p h y .
Dilution
Rate
(hr- 1 )
Biomass
( g . l - 1 )
Cyclo- 
heximide 
(mg.I- 1 )
Residual
Glycerol
(mM)
Residual
Phosphate
(mM)
0.10 7.46 ±0.16 0.0 < 0.5 5.30 ±0.19
0.07 7.53 ±0.26 0.0 < 0 .5 4.88 ±0.13
0.05 7.40 ±0.37 1.7 ±3.3  ■ < 0 .5 4.84 ±0.27
0.02 7.26 ±0.19 0 .0 < 0.5 2.82 ±1.26
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C u l t u r e s  g r o w i n g  a t  a  d i l u t i o n  r a t e  o f  0 . 0 2  h r " 1  e x c r e t e d  a  
g r e e n  p i g m e n t  i n t o  t h e  m e d i u m  a n d  c o n t a i n e d  s m a l l  p a r t i c l e s ,  
a s s u m e d  t o  b e  c e l l  d e b r i s , w h i c h  p a r t l y  b l o c k e d  t h e  f i l t e r s  u s e d  
i n  d r y  w e i g h t  d e t e r m i n a t i o n s .  A t  a  d i l u t i o n  r a t e  o f  0 . 0 2  h r " 1  
c h a i n s  o f  s p o r e s  w e r e  o b s e r v e d  u n d e r  t h e  l i g h t  m i c r o s c o p e  ( P l a t e
3 - 1 ) .  T h e  a c t u a l  a m o u n t  o f  b i o m a s s  t a k i n g  t h i s  f o r m  a p p e a r e d  
q u i t e  s m a l l .  T h e  e f f e c t ,  f i r s t  n o t e d  6 7 0  h r  a f t e r  t h e  s t a r t  o f  
t h e  e x p e r i m e n t ,  p e r s i s t e d  o v e r  a  p e r i o d  c o r r e s p o n d i n g  t o  t h e  
p a s s a g e  o f  1 . 9  c u l t u r e  v o l u m e s  t h r o u g h  t h e  v e s s e l  a n d  d i s a p p e a r e d
_ i
w h e n  t h e  d i l u t i o n  r a t e  w a s  c h a n g e d  t o  0 . 0 5  h r
T h e  h i g h e s t  l e v e l  o f  c y c l o h e x i m i d e  d e t e c t e d  i n  t h e  c u l t u r e s
_ i
w a s  5 8  m g . l  , o b s e r v e d  i n  t h e  b a t c h  p h a s e  4 8  h r  a f t e r  
i n o c u l a t i o n .  I t  a p p e a r e d  t h a t  a c c u m u l a t i o n  o f  c y c l o h e x i m i d e  b e g a n  
w h e n  t h e  g l y c e r o l  s u p p l y  h a d  b e e n  e x h a u s t e d  a n d  w a s  a c c o m p a n i e d  
b y  a c c u m u l a t i o n  o f  a m m o n i a  r e l e a s e d  f r o m  t h e  g l u t a m a t e  a c i d  w h i c h  
w a s  b o t h  t h e  n i t r o g e n  s o u r c e  a n d  t h e  o n l y  r e m a i n i n g  c a r b o n  
s o u r c e .  T h i s  p a t t e r n  w a s  s i m i l a r  t o  t h a t  s e e n  i n  t h e  b a t c h  p h a s e  
o f  PGM3 c u l t u r e s  a n d  w i t h  b o t h  m e d i a  c y c l o h e x i m i d e  l e v e l s  b e g a n  
t o  f a l l  w h e n  t h e  n u t r i e n t  p u m p  w a s  s t a r t e d  a n d  f e l l  b e l o w  t h e  
l i m i t s  o f  d e t e c t i o n  a s  c h e m o s t a t  c o n d i t i o n s  a p p r o a c h e d  a  s t e a d y  
s t a t e .  T h u s  t h e r e  w e r e  i n d i c a t i o n s  t h a t  g l y c e r o l  e x e r t e d  s t r o n g  
n u t r i e n t  r e p r e s s i o n  u p o n  t h e  s y n t h e s i s  o f  c y c l o h e x i m i d e .
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P l a t e  3 - 1
S p o r e s  o f  S .  n o u r s e i  p r o d u c e d  d u r i n g  c h e m o s t a t  
c u l t u r e  a t  a  d i l u t i o n  r a t e  o f  0 . 0 2  h r - 1  i n  3 1  
o f  GGM m e d i u m  a t  a  t e m p e r a t u r e  o f  2 8 ° G ,  p H  6 . 5  
s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3
_ T
l . m i n  . B i o m a s s  w a s  a l l o w e d  t o  a c c u m u l a t e  i n  
b a t c h  c u l t u r e  b e f o r e  s t a r t i n g  t h e  n u t r i e n t  
p u m p  t o  p r o d u c e  a  c h e m o s t a t  c u l t u r e  w i t h  a n  
i n i t i a l  d i l u t i o n  r a t e  o f  0 . 0 5  h r - 1 . T h e
s a m p l e s  w e r e  t a k e n  a .  6 7 0  h r ,  b .  & c .  7 6 3  h r  
a f t e r  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  
M a g n i f i c a t i o n  x  4 0 0 ,
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3.3.1 Nystatin Production
_ i
h r  f o l l o w i n g  a c c u m u l a t i o n  o f  b i o m a s s  i n  t h e  b a t c h  p h a s e  
e s t a b l i s h e d  a  s t e a d y - s t a t e  p r o d u c t  y i e l d  f o r  n y s t a t i n  o f  b e t w e e n
2 9 . 5  a n d  3 1 . 1  m g . g " 1  ( T a b l e  3 - 9 ) .  W h e n  t h e  d i l u t i o n  r a t e  w a s  
r e d u c e d  t o  0 . 0 2  h r - 1  n y s t a t i n  y i e l d  s t a b i l i s e d  a t  2 1 . 3 -
2 2 . 6  m g . g " 1 . H o w e v e r ,  w h e n  t h e  d i l u t i o n  r a t e  w a s  o n c e  a g a i n
r a i s e d  t h e  y i e l d  f a i l e d  t o  r i s e  i n  r e s p o n s e .  S t r e a k  p l a t e s
p r e p a r e d  i n  c o n n e c t i o n  w i t h  c u l t u r e  p u r i t y  c h e c k s  a p p e a r e d  t o
h a v e  a  h i g h  i n c i d e n c e  o f  n o n - s p o r i n g  c o l o n i e s .  A s p o r o g e n o u s
s t r a i n s ,  i n c l u d i n g  o n e  w h i c h  a l s o  l a c k e d  a e r i a l  m y c e l i u m ,  c o u l d
b e  i s o l a t e d  f r o m  t h e s e  p l a t e s ,  b u t  t h e y  s h o w e d  a  h i g h  i n c i d e n c e
o f  r e v e r t a n t s .  A  r e p l a c e m e n t  c u l t u r e ,  w h e n  f i r s t  e s t a b l i s h e d  a s  a
c h e m o s t a t  a t  a  d i l u t i o n  r a t e  o f  0 . 0 5 ’ h r  , g a v e  Y n y S t a t ^ n  v a l u e s
- 1i n  t h e  r a n g e  3 5 . 5  t o  4 7 . 0  m g . g  , r a i s i n g  t h e  d i l u t i o n  r a t e  t o  
0 . 1  h r ’ 1  a p p e a r e d  t o  i n c r e a s e  p r o d u c t i o n ,  g i v i n g  y i e l d s  i n  t h e
_ i
r a n g e  3 9 . 8  t o  5 9 . 7  m g . g  . R e t u r n i n g  t h e  d i l u t i o n  r a t e  t o  0 . 0 5
- 1  1 h r  c a u s e d  a  r e d u c t i o n  i n  y i e l d  t o  a  v a l u e  o f  3 0 . 7  m g . g " ,
s i m i l a r  t o  t h e  p r e v i o u s  0 . 0 5  h r ’ 1  s t e a d y - s t a t e  a n d  i n  t h e  s a m e
r a n g e  a s  o b t a i n e d  i n  t h e  f i r s t  e x p e r i m e n t .  A  f u r t h e r  r e d u c t i o n  t o
0 . 0 2  h r " 1  p r o d u c e d  a  p r o g r e s s i v e  d e c r e a s e  i n  y i e l d  t o  b e l o w  5
m g . g " 1  a n d  a  s m a l l  a m o u n t  o f  s p o r u l a t i o n  w a s  o b s e r v e d  ( P l a t e  3 -
1 )  . A  s u b s e q u e n t  i n c r e a s e  i n  d i l u t i o n  r a t e  r e m o v e d  t h e
s p o r u l a t i n g  m y c e l i u m  b u t  i t  h a d  n o  e f f e c t  o n  y i e l d .  T h e  s e q u e n c e s
o f  r e a d i n g s  i n  r e l a t i o n  t o  c h a n g e s  i n  d i l u t i o n  r a t e  a r e  s h o w n  i n
A chemostat culture maintained at a dilution rate of 0.05
figure 3-20.
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T a b l e  3 - 9 .  N y s t a t i n  y i e l d  i n  r e l a t i o n  t o  c h a n g e s  i n  d i l u t i o n  r a t e  
a n d  e q u i l i b r a t i o n  t i m e  f o r  c h e m o s t a t  c u l t u r e s  o f  S t r e p t o m y c e s  
n o u r s e i  i n  g l u t a m a t e - n i t r o g e n - l i m i t e d  m e d i u m .  T h e  c u l t u r e s  w e r e  
g r o w n  i n  3 1  o f  GGM a t  2 8  ° G ,  p H  6 , 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d
_ i
a e r a t e d  a t  3 l . m i n  . B i o m a s s  w a s  a l l o w e d  t o  a c c u m u l a t e  i n  b a t c h
c u l t u r e  b e f o r e  s t a r t i n g  t h e  n u t r i e n t  p u m p  t o  p r o d u c e  a  c h e m o s t a t
1
c u l t u r e  w i t h  a n  i n i t i a l  d i l u t i o n  r a t e  o f  0 . 0 5  h r "  .
Dilution 
Rate 
(hr )
Elapsed
Time
(hr)
Nystatin Yield 
(rag.g"1)
Volume changes 
a t specified 
dilution rate
Experiment CST026
0.05 169 31.1 6.05
186 29.6 6.9
210 29.7 8.1
217 29.5 8.45
0.02 403 21.3 3.3
433 22 . 6 3.9
450 21.3 4.3
0. 07 506 21.3 3.9
523 18.6 5.0
546 17.9 6.7
555 14.3 7.3
571 10.8 8.4
0.05 666 13 .3 4.6
674 13 .4 5.0
691 12.2 5.9
720 12.6 7.3
743 12.5 8.5
Experiment CST027
0.05 185 47.0 6.1
191 40.9 6.4
213 36.8 7.3
232 35.5 8.2
0.1 305 59.7 6.3
352 39 .8 11.2
376 43.9 13.6
401 46.5 15.7
425 45.6 18.4
0.05 497 30.7 3.6
0.02 666 6.9 2.9
688 6.0 3.3
718 5.3 3.9
763 3 . 3 4.8
0.05 838 3.6 3.7
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60 -i----
Experiment number CST026
so -
40 -o>\
Dilution rate fl/hr)
Experiment number CST027
F i g u r e  3 - 2 0  T h e  s e q u e n t i a l  c h a n g e s  i n  n y s t a t i n  y i e l d  w h e n  t h e  
d i l u t i o n  r a t e  o f  g l u t a m a t e - l i m i t e d  c u l t u r e s  o f  S .  n o u r s e i  w a s  
v a r i e d  f r o m  a n  i n i t i a l  v a l u e  o f  0 . 0 5  h r - 1 . T h e  a r r o w s  i n d i c a t e  
t h e  t e m p o r a l  s e q u e n c e .  T h e  c u l t u r e s  w e r e  g r o w n  i n  3 1  o f  GGM a t  
2 8  ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3 l . m i n " 1 . 
N y s t a t i n  t i t r e s  w e r e  e s t i m a t e d  b y  U V  s p e c t r o s c o p y  o f  b u t a n o l  
e x t r a c t s  o f  w h o l e  b r o t h  a n d  e x p r e s s e d  i n  r e l a t i o n  t o  t h e  d r y  
w e i g h t  o f  m y c e l i u m  c o l l e c t e d  b y  f i l t r a t i o n .  D i l u t i o n  r a t e  w a s  
c o n t r o l l e d  u s i n g  a  p e r i s t a l t i c  p u m p  a n d  c h e c k e d  b y  t i m i n g  t h e  
e m p t y i n g  o f  a  c a l i b r a t e d  s i d e - a r m  a t t a c h e d  t o  t h e  m e d i u m  s u p p l y  
l i n e .
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T h e s e  e x p e r i m e n t s  p r e s e n t  i n d i c a t i o n s  o f  a  p r o g r e s s i v e  l o s s  
o f  t i t r e  w h i c h  m i g h t  b e  a t t r i b u t e d  t o  s e l e c t i o n  o f  n o n - p r o d u c i n g  
v a r i a n t s .  T h e  r e s u l t s  s u g g e s t  t h a t  t h e  d e t e r i o r a t i o n  o f  t i t r e  w a s  
m o s t  s e v e r e  w h e n  c u l t u r e s  w e r e  g r o w n  a t  a  d i l u t i o n  r a t e  o f  0 . 0 2  
h r " 1 . H i g h e r  d i l u t i o n  r a t e s  s u p p o r t e d  s t a b l e  p r o d u c t i o n  a n d  t h e r e  
w e r e  i n d i c a t i o n s  t h a t  f u r t h e r  l o s s  o f  t i t r e ,  b y  c u l t u r e s  w h i c h  
h a d  b e g u n  t o  d e t e r i o r a t e ,  w a s  p r e v e n t e d  b y  r a i s i n g  t h e  d i l u t i o n  
r a t e .
T h e r e  h a d  b e e n  n o  e v i d e n c e  o f  s u c h  r a p i d  d e t e r i o r a t i o n  o f  
p r o d u c t i o n  w i t h  p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e s .  F u r t h e r  
e v i d e n c e  o f  t h i s  g r e a t e r  s t a b i l i t y  w a s  s o u g h t  i n  a n  e x p e r i m e n t  
w i t h  a  p r o l i n e - l i m i t e d  c u l t u r e  w h e r e  t h e  t e m p o r a l  s e q u e n c e  o f  
c h a n g e s  f o u n d  t o  d e - s t a b i l i s e  g l u t a m a t e - l i m i t e d  c u l t u r e s  w a s  
a p p l i e d .  T h e  y i e l d  o f  n y s t a t i n  a t  D = 0 . 0 2  h r  s h o w e d  l i t t l e  
c h a n g e  o v e r  a  3 0 0  h r  p e r i o d  ( F i g u r e  3 - 1 4 a )  a n d  t h e  t i t r e  a t  
D = 0 . 0 5  h r " 1  w a s  s i m i l a r  b e f o r e  a n d  a f t e r  t h e  l o w  d i l u t i o n  r a t e  
i n t e r l u d e .
T h e  o b s e r v a t i o n  o f  s p o r e s  i n  t h e  g l u t a m a t e - l i m i t e d  c u l t u r e s  
a n d  t h e  e m e r g e n c e  o f  a s p o r o g e n o u s  m u t a n t s  m a y  a l s o  b e  l i n k e d  w i t h  
t h e  d e t e r i o r a t i o n  o f  n y s t a t i n  p r o d u c t i o n  s i n c e  a n t i b i o t i c  
p r o d u c t i o n  a n d  s p o r u l a t i o n  f r e q u e n t l y  s h a r e  r e g u l a t o r y  
m e c h a n i s m s .  T h e  c o n d i t i o n s  l e a d i n g  t o  a  r e d u c t i o n  i n  n y s t a t i n  
t i t r e s  a l s o  i n d u c e d  i n  t h e  c u l t u r e s  a  h i g h e r  d e m a n d  f o r  
p h o s p h o r u s , a n  e l e m e n t  f r e q u e n t l y  i m p l i c a t e d  i n  r e g u l a t i o n  o f  
d i f f e r e n t i a t i o n  a n d  a n t i b i o t i c  s y n t h e s i s .  T h e  c h a n g e s  i n  
p h o s p h a t e  d e m a n d  w e r e  h o w e v e r  r e v e r s i b l e ,  u n l i k e  t h e  c h a n g e s  i n  
n y s t a t i n  t i t r e .  T h e  c o n d i t i o n s  g e n e r a t e d  a t  l o w  d i l u t i o n  r a t e  i n  
g l u t a m a t e - l i m i t e d  c u l t u r e s  a p p e a r e d  t o  i n d u c e  s p o r u l a t i o n  i n  a
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portion  of the population. Assuming th a t  c e l l s  becoming spores 
are not growing, and th a t  those supporting spore production are 
not contribu tin g  to rapid biomass accumulation, leads to the 
conclusion th at such c e l l s  w i l l  wash out o f  the chemostat. The 
converse o f  th is  i s  th a t  c e l l s  le s s  prone to ,  or incapable o f ,  
entering a sporu lation  cy c le  w i l l  come to predominate in  the 
fermenter. Sporulation d e f ic ie n t  s t r a in s  produced in  th is  way 
might a lso  have a l te re d  production o f  co-regulated  a n t ib i o t i c s  
which in  the case o f  S. noursei could include n y s ta t in .
S e l e c t i o n  e f f e c t s  w e r e  n o t  e n t i r e l y  u n e x p e c t e d  a n d ,  a l t h o u g h  
i n t e r e s t i n g  i n  t h e i r  o w n  r i g h t ,  w e r e  r e g a r d e d  a s  a n  u n d e s i r a b l e  
c o m p l i c a t i o n  w h e n  a t t e m p t i n g  t o  a s s e s s  t h e  e f f e c t s  o f  n u t r i e n t s  
a n d  d i l u t i o n  r a t e  u p o n  a n t i b i o t i c  p r o d u c t i o n .  T h e  m o r e  s t a b l e  
p r o d u c t i o n  o b s e r v e d  a t  h i g h e r  d i l u t i o n  r a t e s  w a s  t a k e n  a s  t h e  
b a s i s  f o r  c o m p a r i s o n  o f  s t e a d y - s t a t e  n y s t a t i n  p r o d u c t i o n  b e t w e e n  
d i f f e r e n t  n u t r i e n t  l i m i t a t i o n s .  T h e  d a t a  a v a i l a b l e  f o r  D = 0 . 0 5  a n d  
0 . 1  h r " 1  i n d i c a t e d  t h a t  n y s t a t i n  y i e l d s  ( T a b l e  3 - 9 )  w e r e  s i m i l a r  
t o  t h o s e  o b s e r v e d  i n  p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e  ( F i g u r e  3 -  
1 3 b )  a l t h o u g h  i t  w a s  n o t  p o s s i b l e  t o  i n f e r  a  v a r i a t i o n  o f  y i e l d  
w i t h  d i l u t i o n  r a t e  w i t h  a n y  c e r t a i n t y .  T h e  Mm a x  i n  GGM ( 0 . 3 3  h r ” 
1 )  i s  h i g h e r  t h a n  i n  P G M 3  ( 0 . 1 7 9  h r ’ 1 )  a n d  a l t h o u g h  n o t  
u n d e r t a k e n  i n  t h e  p r e s e n t  s t u d y  i t  w o u l d  b e  i n t e r e s t i n g  t o  s t u d y  
n y s t a t i n  p r o d u c t i o n  a t  d i l u t i o n  r a t e s  t o  c l o s e r  t o  0 . 3  h r " 1 . 
O b s e r v a t i o n s  o f  t h i s  t y p e  w o u l d  h e l p  t o  d e t e r m i n e  h o w  g r o w t h  r a t e  
a f f e c t s  y i e l d s  a n d  c u l t u r e  s t a b i l i t y  a n d  m i g h t  g i v e  a n  i n d i c a t i o n  
w h e t h e r  t h e  r a t i o  o f  f l  t o  Mm a x  i n f l u e n c e s  t h e s e  p r o p e r t i e s .
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3.3.2 Carbon and Nitrogen Utilisation
T h e  p e r c e n t a g e  o f  s u p p l i e d  c a r b o n  c o n v e r t e d  t o  b i o m a s s  b y
*1
c u l t u r e s  g r o w n  a t  a  d i l u t i o n  r a t e  o f  0 . 0 2  h r  a p p e a r e d  t o  b e  
s l i g h t l y  l o w e r ,  a n d  C 0 2  p r o d u c t i o n  s l i g h t l y  h i g h e r ,  t h a n  a t  t h e  
t h r e e  h i g h e r  d i l u t i o n  r a t e s  ( T a b l e  3 - 1 0 ) .  T h e r e  w a s  a l s o  s o m e  
i n d i c a t i o n  t h a t  t h e  a m o u n t  o f  c a r b o n  i n  t h e  f i l t r a t e  w a s  
i n v e r s e l y  r e l a t e d  t o  d i l u t i o n  r a t e .
T a b l e  3 - 1 0 .  T h e  d i s t r i b u t i o n  o f  c a r b o n  b e t w e e n  p r o d u c t s  o f  g r o w t h  
f o r  g l u t a m a t e - n i t r o g e n - l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  S t r e p t o m y c e s  
n o u r s e i  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  a t  a  r a n g e  o f  d i l u t i o n  
r a t e s .  T h e  c u l t u r e s  w e r e  g r o w n  i n  3  1  o f  GGM a t  2 8  ° C ,  p H  6 . 5 ,  
s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3 l . m i n " 1 . C a r b o n  d i o x i d e  
i n  t h e  e x h a u s t  g a s  f r o m  t h e  f e r m e n t e r  w a s  m e a s u r e d  u s i n g  a n  
i n f r a - r e d  a n a l y s e r  a n d  t h e  c a r b o n  c o n t e n t  o f  c e l l s  a n d  f i l t r a t e  
d e t e r m i n e d  b y  m i c r o a n a l y s i s  o f  f r e e z e  d r i e d  m a t e r i a l .  N y s t a t i n  
t i t r e s  w e r e  e s t i m a t e d  b y  UV s p e c t r o s c o p y  o f  b u t a n o l  e x t r a c t s  o f  
w h o l e  b r o t h .
Dilution
Rate
(hr- 1 )
Carbon Recovered as (% of input)
co2 Cells F i l t r a t e Total Nystatin
0.10 45.7 ±0.8 45.2 ±1.1 5 .9  ±0 .5 96.8 2.98
0.07 45.0  ±0.6 - - - 1. 05
0. 05 .4 4 .9  ±1.8 46.0 ±1.9 9 .8  ±2.4 100.8 1.61
0. 02 47.7 ±2.7 41.4 ±1.3 11.3 ±1.0 100.4 0.81
T h e  d i s t r i b u t i o n  o f  c a r b o n  b e t w e e n  c a r b o n  d i o x i d e ,  c e l l s  a n d  
f i l t r a t e  c l o s e l y  r e s e m b l e d  t h a t  s e e n  w i t h  p r o l i n e - n i t r o g e n -  
l i m i t e d  c u l t u r e s  ( T a b l e  3 - 3 b )  f o r  d i l u t i o n  r a t e s  o f  0 . 0 2  a n d  0 . 0 5
_ i
h r  . H o w e v e r ,  u n l i k e  t h e  l a t t e r ,  t h e  p a t t e r n  o f  r e d u c i n g  
c a r b o n  c o n t e n t  o f  t h e  f i l t r a t e  w i t h  i n c r e a s i n g  d i l u t i o n  r a t e  
e x t e n d e d  t o  D = 0 . 1  h r  . T h i s  d i f f e r e n c e  m a y  a r i s e  b e c a u s e  i n  GGM 
m e d i u m ,  w h e r e  Mm a x  i s  0 . 3 3  h r " 1 , c u l t u r e s  a d j u s t  m o r e  r e a d i l y  t o  
h i g h  c a r b o n  f l u x e s  t h a n  PGM3 c u l t u r e s  ( / i m a x = 0 . 1 7 9  h r " 1 ) .
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T a b l e  3 - 1 1 .  T h e  d i s t r i b u t i o n  o f  n i t r o g e n  b e t w e e n  p r o d u c t s  o f
g r o w t h  f o r  g l u t a m a t e - n i t r o g e n - l i m i t e d  c h e m o s t a t  c u l t u r e s  o f  
S t r e p t o m y c e s  n o u r s e i  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  a t  a  r a n g e  o f  
d i l u t i o n  r a t e s .  T h e  c u l t u r e s  w e r e  g r o w n  i n  3  1  o f  GGM a t  2 8 ° C ,  p H
6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3  l . m i n "  . A m m o n i a  w a s
d e t e r m i n e d  b y  i o n  c h r o m a t o g r a p h y  a n d  t h e  n i t r o g e n  c o n t e n t  o f
c e l l s  a n d  f i l t r a t e  d e t e r m i n e d  b y  m i c r o a n a l y s i s  o f  f r e e z e  d r i e d  
m a t e r i a l .
Dilution
Rate
(h r"1)
Nitrogen Recovered as (% of input)
Ammonia C ells F i l t r a t e Total
o H O 0.02 ±0.18 86.9 ±1.6 4 .2  ±0.4 91.3
0.07 0.21 ±0.31 - - -
0 . 05 0.15 ±0.16 84.7 ±2.7 8 .7  ±2.6 93.6
0. 02 0.21 ±0.24 82.2 ±2 .1 11.3 ±1.6 93.7
M o s t  o f  t h e  n i t r o g e n  s u p p l i e d  w a s  i n c o r p o r a t e d  i n t o  b i o m a s s ,  
t h e  p e r c e n t a g e  i n c r e a s i n g  w i t h  d i l u t i o n  r a t e  ( T a b l e  3 - 1 1 ) .  A  
s m a l l  a m o u n t  o f  t h e  g l u t a m a t e  n i t r o g e n  w a s  r e l e a s e d  a s  a m m o n i a ,  a  
l a r g e r  a m o u n t  a p p e a r e d  i n  t h e  f i l t r a t e  a s  u n i d e n t i f i e d  p r o d u c t s  
a n d  b e t w e e n  7  a n d  9% w a s  n o t  a c c o u n t e d  f o r .  T h e  c o m p o s i t i o n  o f  
t h e  c e l l s  w i t h  r e s p e c t  t o  c a r b o n  h y d r o g e n  a n d  n i t r o g e n  r e m a i n e d  
a l m o s t  c o n s t a n t  a l t h o u g h  t h e r e  w e r e  s o m e  i n d i c a t i o n s  o f  r e d u c e d  
c a r b o n  c o n t e n t  a t  t h e  l o w e s t  d i l u t i o n  r a t e  ( T a b l e  3 - 1 2 ) .
T h e  d e t e c t i o n  o f  a m m o n i a  a n d  a p p a r e n t  l o s s  o f  s o m e  o f  t h e  
n i t r o g e n  w a s  u n e x p e c t e d  i n  a  n i t r o g e n - l i m i t e d  c u l t u r e  w h i c h  m i g h t  
b e  e x p e c t e d  t o  c o n s e r v e  n i t r o g e n  w i t h  h i g h  e f f i c i e n c y .  T h e  
a p p a r e n t  l o s s  o f  s o m e  o f  t h e  n i t r o g e n  i s  p r o b a b l y  m o r e  i n d i c a t i v e  
o f  s h o r t c o m i n g s  o f  t h e  a n a l y t i c a l  p r o c e d u r e s  t h a n  o f  l o s s  o f  
n i t r o g e n  f r o m  t h e  s y s t e m  e . g .  a s  a m m o n i a  g a s .  T h e  p r e s e n c e  o f  
a m m o n i a  i n  t h e  f i l t r a t e  m a y  b e  m o r e  s i g n i f i c a n t  a s  a n  i n d i c a t o r  
o f  t h e  p h y s i o l o g i c a l  s t a t e  o f  t h e  c u l t u r e .
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T a b l e  3 - 1 2 .  T h e  c o m p o s i t i o n  o f  g l u t a m a t e - n i t r o g e n - l i m i t e d  c e l l s  
o f  S t r e p t o m y c e s  n o u r s e i  g r o w n  a t  v a r i o u s  d i l u t i o n  r a t e s  i n  
c h e m o s t a t  c u l t u r e .  T h e  c u l t u r e s  w e r e  g r o w n  i n  3 1  o f  GGM a t  2 8 QC ,  
p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3  l . m i n - 1 . T h e  
c o n t e n t  o f  G ,  H a n d  N w a s  d e t e r m i n e d  b y  m i c r o a n a l y s i s  o f  f r e e z e  
d r i e d  m a t e r i a l ,  M g  c o n t e n t  w a s  e s t i m a t e d  f r o m  t h e  y i e l d  c o n s t a n t  
f o r  M g - l i m i t e d  c e l l s  ( S e c t i o n  3 . 1 . 7 ) .  T h e  r e m a i n i n g  e l e m e n t s  w e r e  
e s t i m a t e d  b y  m e a s u r i n g  r e s i d u a l  p o t a s s i u m ,  p h o s p h a t e  a n d  s u l p h a t e  
b y  i o n  c h r o m a t o g r a p h y  a n d  s u b t r a c t i n g  t h e s e  v a l u e s  f r o m  t h e  k n o w n  
c o m p o s i t i o n  o f  u n i n o c u l a t e d  m e d i u m .  ND =  N o t  D e t e r m i n e d .
C e l l  composition (% w/w) a t  each d i lu t io n  r a te
Element
0 . 02 hr 1 0 .0 5  hr 1 0 . 07 h r " 1 0.. 10 hr"'1
Carbon 40. 4 + 0. 2 43 . 4 ± 0. 4 ND 43 .,8 + 0. 2
Hydrogen 6. 38 + 0. 10 6. 96 + 0. 15 ND 7.,06 + 0. 02
Nitrogen 9. 36 + 0. 08 9. 32 ± 0.,41 ND 9., 82 + 0.,05
Magnesium 0.,11 0..11 0,. 11 0.. 11
Phosphorus 3 .,92 + 0. 47 2.,87 + 0..11 3
+1oo 0.,09 2,.79 + 0.,11
Sulphur 0..29 + 0. 02 0.,27 + 0,,02 0 .20  ± 0.,04 0,.25 + 0,.01
Potassium 3.,22 + 0. 57 2..48 + 0,. 12 2 .64  ± 0..12 2 .7 0,.35
and by su b tract ion
Oxygen 36 .32 34 ,. 61 ND 33 .47
RQ (observed) 1 . 08 ± 0.,17 1..01 + 0 .08 0 .96  ± 0..03 1 . 02 ± 0 .01
RQ (c a lcu la te d ) 0 .92 0 .98 ND 0 .99
G l u t a m a t e  s u p p o r t e d  m u c h  m o r e  v i g o r o u s  g r o w t h  t h a n  o t h e r  
n u t r i e n t s  t e s t e d  ( s u m m a r y  i n  T a b l e  4 - 2 )  p r o b a b l y  b e c a u s e  i t  i s  
r a p i d l y  t r a n s p o r t e d  a n d  c a n  w i t h  n o  f u r t h e r  m o d i f i c a t i o n  t a k e  
p a r t  i n  d e a m i n a t i o n  a n d  t r a n s a m i n a t i o n  r e a c t i o n s .  T h e  a p p e a r a n c e  
o f  a m m o n i a  i n  t h e  c u l t u r e  s u g g e s t s  t h a t  d e a m i n a t i o n  o f  g l u t a m a t e  
w a s  n o t  a  l i m i t i n g  s t e p  i n  t h e  o v e r a l l  i n c o r p o r a t i o n  o f  n i t r o g e n  
i n t o  b i o m a s s .
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Respiration
O x y g e n  c o n s u m p t i o n  a n d  c a r b o n  d i o x i d e  e x c r e t i o n  b o t h  v a r i e d  
a s  l i n e a r  f u n c t i o n s  o f  d i l u t i o n  r a t e  ( F i g u r e  3 - 2 1 ) .  C a l c u l a t i o n s  
b a s e d  o n  t h e s e  d a t a  p r o v i d e d  e s t i m a t e s  o f  ( 2 7 . 9  g . m o l " 1 ) ,
y C 0 2 / x  ( 3 6 . 1  x  1 0 " ^  m o l . g " 1 )  a n d  RQ ( 1 . 0 ) .  T h e  m a i n t e n a n c e  
r e q u i r e m e n t  f o r  o x y g e n  w a s  e s t i m a t e d  f r o m  t h e  i n t e r c e p t  a s  0 . 0 6  
m m o l . g " 1 . h r - 1 . C o m p a r i n g  t h e s e  v a l u e s  w i t h  t h o s e  o b t a i n e d  w i t h  
p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e s  ( T a b l e  3 - 6 )  s h o w s  t h a t  g r o w t h  
o n  g l u t a m a t e ,  a  m o r e  o x i d i s e d  s u b s t r a t e ,  g e n e r a t e d  a  l o w e r  d e m a n d  
f o r  o x y g e n .  T h e  l o w e r  e n e r g y  c o n t e n t  o f  g l u t a m a t e  r e l a t i v e  t o  
p r o l i n e  w a s  r e f l e c t e d  i n  t h e  o b s e r v a t i o n  t h a t ,  p e r  u n i t  o f
F i g u r e  3 - 2 1 .  M e t a b o l i c  q u o t i e n t s  f o r  a .  o x y g e n  a n d  b .  c a r b o n  
d i o x i d e ,  i n  r e l a t i o n  t o  d i l u t i o n  r a t e  f o r  g l u t a m a t e - l i m i t e d  
c h e m o s t a t  c u l t u r e s  o f  S. noursei. T h e  c u l t u r e s  w e r e  g r o w n  i n  3 1  
o f  GGM a t  2 8 °  C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  
3  l . m i n " 1 . D a t a  s h o w n  ( ■ )  a r e  m e a n s  o f  a t  l e a s t  t h r e e  r e a d i n g s  
a n d  e r r o r  b a r s  r e p r e s e n t  t h e  s a m p l e  s t a n d a r d  d e v i a t i o n .  L i n e s  
s h o w n  a r e  t h o s e  o b t a i n e d  b y  a p p l y i n g  a  l e a s t  s q u a r e s  f i t  t o  t h e  
d a t a  t o  g i v e  t h e  e q u a t i o n s : -
a .  q G 2  =  3 5 . 9  D +  0 . 0 6  b .  q ^ Q 2  =  3 6 . 1  D +  0 . 0 4  
O x y g e n  u p t a k e  a n d  c a r b o n  d i o x i d e  p r o d u c t i o n  w e r e  e s t i m a t e d  b y  
c o m p a r i n g  t h e  g a s  c o n t e n t  o f  s u p p l y  a i r  w i t h  f e r m e n t e r  e x h a u s t  
g a s e s  u s i n g  a n  i n f r a - r e d  c a r b o n  d i o x i d e  a n a l y s e r  a n d  a  
p a r a m a g n e t i c  o x y g e n  a n a l y s e r .  Q u o t i e n t s  w e r e  c a l c u l a t e d  b y  
r e l a t i n g  g a s  u p t a k e  t o  t h e  d r y  w e i g h t  o f  c e l l s  c o l l e c t e d  b y  
f i l t r a t i o n  f r o m  a  m e a s u r e d  v o l u m e  o f  c u l t u r e .
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b i o m a s s ,  m o r e  c a r b o n  w a s  o x i d i s e d  t o  c a r b o n  d i o x i d e  i e .  q g g 2  w a s  
h i g h e r ,  i n  g l u t a m a t e - l i m i t e d  c h e m o s t a t s .
M a s s  b a l a n c e  e q u a t i o n s ,  u s i n g  t h e  c e l l  c o m p o s i t i o n  a n d  
c a r b o n  b a l a n c e  d a t a  f o r  w e r e  c o n s t r u c t e d ,  a n d  c o n s i d e r e d  i n  
r e l a t i o n  t o  t h e  RQ e s t i m a t e s  ( T a b l e  3 - 1 2 ) .  T h e  m o l a r  c o m p o s i t i o n  
o f  t h e  b i o m a s s  f o r  C ,  H ,  N a n d  0  t a k i n g  c a r b o n  a s  1  w a s  d e r i v e d  
f r o m  t h e  t h e  e x p e r i m e n t a l  d a t a  s h o w n  i n  T a b l e  3 - 1 2  a n d  o n l y  t h e s e  
m a j o r  e l e m e n t s  w e r e  i n c l u d e d  i n  t h e  m a s s  b a l a n c e .
T h e  r a t i o  o f  t h e s e  c o m p o n e n t s  p e r  m o l e  o f  c a r b o n  w h e n  D = 0 . 1  h r " 1  
w a s : -
CH1 . 9 3 ° 0 . 5 7 N0 . 1 9
Taking the known composition o f the medium, y ie ld  o f  c e l l s ,  
y ie ld  o f  C02 and, s ince  the true composition of compounds in  the 
f i l t r a t e  was unknown, assuming th a t  the remaining products were 
c e l l  debris gave the following e q u a t io n :-
C 3 H 8 0 3  + 0 . 6  C 5 H 9 0 4 N +  2 . 7 8  0 2 
g l y c e r o l  g l u t a m a t e
- - - >  3 . 0 7  C H l  9 3 O q  5 7 Nq  1 9  +  3 . 7 2  H 2 0  + 2 . 7 4  C 0 2 
c e l l s  +  d e b r i s
T h e  R Q  m a y  b e  c a l c u l a t e d  f r o m  t h i s  e q u a t i o n  a n d  g i v e s  a  v a l u e  o f  
0 . 9 9 .
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Similar calculations using the data for D=0.05 hr"1 gave:-
C 3 H 8 ° 3  +  0 . 6  C 5 H 9 0 4 N +  2 . 7 5  0 2
- - >  3 . 3 5  CH 1 . 9 2 ° 0 . 6 0 N0 . 1 8 + 3 . 5 0  H 2 0  + 2 . 6 9  C 0 2
R Q  =  0 . 9 8
a n d  f o r  D = 0 . 0 2  h r " 1 :
C 3 H8 0 3 + 0 . 6  C 5 H g 0 4 N +  3 . 1 0  0 2
- - >  3 . 1 6  CH-1 . 9 ° 0 . 6 7 N0 . 2 0 + 3 . 7 5  H 2 0  + 2 . 8 6  C 0 2
RQ =  0 . 9 2
T h e s e  e q u a t i o n s  a c c o u n t  f o r  t h e  m i s s i n g  n i t r o g e n  b y  p l a c i n g
i t  i n  t h e  f i l t r a t e  a s  p a r t  o f  t h e  c e l l  d e b r i s  a n d  i m p l y  t h a t  s o m e
w a s  e i t h e r  l o s t ,  o r  r e m a i n e d  u n d e t e c t e d  d u r i n g  a n a l y s i s  o f  t h e
f i l t r a t e .  P r o d u c t i o n  o f  a m m o n i a  m i g h t  r e s u l t  i n  s m a l l  l o s s e s  b u t
t h e  n i t r o g e n  c o n t e n t  o f  d r i e d  f i l t r a t e  a t  l e s s  t h a n  1% w / w  w a s
c l o s e  t o  t h e  l i m i t s  o f  d e t e c t i o n  s i n c e  r e s u l t s  f r o m  m i c r o a n a l y s i s
w e r e  o n l y  a c c u r a t e  t o  ±  0 , 3 % .  T h e  RQ v a l u e s  d e d u c e d  f r o m  t h e s e
e q u a t i o n s  f o r  t h e  t w o  h i g h e r  d i l u t i o n  r a t e s  w e r e  c l o s e  t o  t h e
m e a n  v a l u e s  o b t a i n e d  b y  r e l a t i n g  t h e  c a r b o n  d i o x i d e  p r o d u c t i o n  t o
o b s e r v e d  o x y g e n  u p t a k e .  T h e  p r e s e n c e ,  i n  t h e  f i l t r a t e ,  o f
c o m p o u n d s  h a v i n g  a  c o m p o s i t i o n  d i f f e r e n t  f r o m  b i o m a s s  ( e . g .
n y s t a t i n ,  a m m o n i a ,  p i g m e n t ) ,  a n d  d i f f i c u l t i e s  i n  e s t i m a t i n g  t h e
- 1s m a l l e r  g a s  e x c h a n g e  r a t e s  a t  D = 0 . 0 2  h r  , p r o b a b l y  a c c o u n t  f o r  
t h e  p o o r  a g r e e m e n t  o f  t h e  o b s e r v e d  a n d  c a l c u l a t e d  RQ v a l u e s  a t  
t h i s  d i l u t i o n  r a t e .
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T h e  m o d e l  p r o v i d e s  a  g u i d e  t o  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  
a n d  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  s u b s t r a t e s  w e r e  c o n v e r t e d  
a l m o s t  e x c l u s i v e l y  t o  b i o m a s s  a n d  t h a t  p r o d u c t s  i n  t h e  f i l t r a t e  
w e r e  m o s t l y  b r o k e n  c e l l s .  S h e a r  d a m a g e  t o  t h e  m y c e l i u m  s e e m s  t h e  
m o s t  l i k e l y  r e a s o n  f o r  c e l l  b r e a k a g e .  T h e  s e v e r i t y  o f  c e l l  
d a m a g e ,  a s  i n d i c a t e d  b y  t h e  c a r b o n  c o n t e n t  o f  t h e  f i l t r a t e ,  
m i c r o s c o p i c  e x a m i n a t i o n  a n d  b l o c k i n g  o f  t h e  d r y  w e i g h t  f i l t e r s , 
a p p e a r e d  t o  i n c r e a s e  w i t h  d e c r e a s i n g  d i l u t i o n  r a t e .  T h e  m e a n  
r e s i d e n c e  t i m e  o f  c e l l s  w i t h i n  t h e  f e r m e n t e r  i s  h i g h e s t  a t  l o w  
d i l u t i o n  r a t e s  a n d ,  s i n c e  t h e  a g i t a t o r  s p e e d  w a s  a  c o n s t a n t  1 0 0 0  
r . p . m . ,  i t  m i g h t  b e  a n t i c i p a t e d  t h a t  c e l l s  e x p o s e d  f o r  l o n g e r  
w o u l d  s u f f e r  m o r e  s h e a r  d a m a g e .
E x c r e t i o n  o f  O r g a n i c  A c i d s
T h e  o r g a n i s m  o n l y  e x c r e t e d  o r g a n i c  a c i d s  u n d e r  b a t c h  
c o n d i t i o n s  o r  i n  t r a n s i t i o n a l  s t a t e s  f o l l o w i n g  a  c h a n g e  i n  
d i l u t i o n  r a t e .  W h i l e  i n  t h e  b a t c h  s t a g e  t h e  c u l t u r e s  a c c u m u l a t e d
2 - o x o - g l u t a r a t e  ( 5  mM) a n d  a  p r o d u c t  a s s u m e d  t o  b e  o x a l a t e  ( 1 . 5  
m M ) , c o m p o u n d s  w h i c h  b e c a m e  u n d e t e c t a b l e  w h e n  c h e m o s t a t  
c o n d i t i o n s  b e c a m e  e s t a b l i s h e d .
T h e r e  w a s  n o  e v i d e n c e  o f  a c c u m u l a t i o n  o f  o r g a n i c  a c i d s  a t
_ i
t h e  h i g h e s t  d i l u t i o n  r a t e  t e s t e d  ( D  =  0 . 1  h r  )  a s  s e e n  w i t h  
p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e s .  H o w e v e r  t h e  Mm a x  f ° r  
g l u t a m a t e - n i t r o g e n - l i m i t e d  c u l t u r e s  ( 0 . 3 3  h r - 1 )  w a s  f a r  h i g h e r  
t h a n  s e e n  w i t h  t h e  p r o l i n e  b a s e d  m e d i u m  ( 0 . 1 7 9  h r - 1 )  a n d  i t  w a s  
t h o u g h t  u n l i k e l y  t h a t  t h e  c a r b o n  f l u x  a t  D =  0 . 1  h r ' 1  e x c e e d e d  
t h e  c a p a c i t y  o f  t h e  o r g a n i s m  t o  f u l l y  o x i d i s e  t h e  n u t r i e n t s ,
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e s p e c i a l l y  s i n c e  g lu ta m a te  i s  more o x id is e d  th an  p r o l i n e .  
Assuming th a t  overflow metabolism is  asso c ia te d  in  some way with 
high n u tr ie n t  f lu x es  a t  growth ra te s  approaching Mmax provides an 
explanation fo r  the d i f f e r e n t  responses o f  c u ltu re s  grown in  the 
two amino ac id  based media.
A n  a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  a b s e n c e  o f  2 - o x o - g l u t a r a t e  
c o u l d  b e  t h a t ,  a s  s u g g e s t e d  b y  N e i j s s e l  a n d  T e m p e s t  ( 1 9 7 5 ) ,  i n  
n i t r o g e n - l i m i t e d  c u l t u r e s  h i g h  2 - o x o - g l u t a r a t e  l e v e l s  a r e  
m a i n t a i n e d  t o  p r o v i d e  t h e  d r i v i n g  f o r c e  f o r  c a p t u r e  o f  a m m o n i a .  
S i n c e  t h e s e  a m m o n i a  u p t a k e  r e a c t i o n s  r e s u l t  i n  a  n e t  s y n t h e s i s  o f  
g l u t a m a t e  i t  i s  p o s s i b l e  t h a t  t h e  p r e s e n c e  o f  h i g h  l e v e l s  o f  t h i s  
a m i n o  a c i d  d o w n - r e g u l a t e  t h e  m e c h a n i s m s  w h i c h  l e a d  t o  2 - o x o -  
g l u t a r a t e  a c c u m u l a t i o n .
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T a b l e  3 - 1 3  Y i e l d  o f  S .  n o u r s e i  o n  i n o r g a n i c  n u t r i e n t s  a n d  
c o r r e s p o n d i n g  s o d i u m  a n d  c h l o r i d e  c o n t e n t s  f o r  g l u t a m a t e -  
n i t r o g e n - l i m i t e d  c h e m o s t a t  c u l t u r e s  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  
a t  v a r i o u s  d i l u t i o n  r a t e s . T h e  c u l t u r e s  w e r e  g r o w n  i n  3  1  o f  GGM 
a t  2 8 ° C ,  p H  6 . 5 ,  s t i r r e d  a t  1 0 0 0  r . p . m .  a n d  a e r a t e d  a t  3  l . m i n " 1 . 
Y i e l d  c o n s t a n t s  w e r e  e s t i m a t e d  b y  m e a s u r i n g  p o t a s s i u m ,  p h o s p h a t e  
a n d  s u l p h a t e  b y  i o n  c h r o m a t o g r a p h y ,  s u b t r a c t i n g  t h e s e  v a l u e s  f r o m  
t h e  k n o w n  c o m p o s i t i o n  o f  u n i n o c u l a t e d  m e d i u m  a n d  r e l a t i n g  t h e s e  
t o  t h e  d r y  w e i g h t  o f  c e l l s  c o l l e c t e d  b y  f i l t r a t i o n  f r o m  a  
m e a s u r e d  v o l u m e  o f  c u l t u r e .
D ilu tio n  
Rate 
(hr )
YP
(g .m ol- 1 )
YS
(g.mmol- 1 )
y k
(g .m ol- 1 )
Sodium
(mM)
Chloride
(mM)
0 .1 0 1114 ±44 1 3 .1  ± 0 .5 1463 ±162 12 .8 ± 0 .1 1 0 .2  ± 0 .3
0. 07 1057 ±43 1 6 .8  ± 3 .8 1555 ±141 1 3 .0 ± 0 .3 1 0 .6  ± 0 .2
0. 05 1011 ±107 13 .2  ± 3 .1 1475 ±175 13 .2 ± 0 .6 1 0 .9  ± 0 .5
0 .0 2 800 ±84 1 0 .9  ± 0 .7 1240 ±178 14 .2 ± 0 .4 1 1 .7  ± 1 .1
3 . 3 . 3  U t i l i s a t i o n  o f  I n o r g a n i c  N u t r i e n t s
T h e  y i e l d  o f  c e l l s  o n  m a j o r  i n o r g a n i c  n u t r i e n t s  c h a n g e d
•1
l i t t l e  o v e r  t h e  r a n g e  o f  d i l u t i o n  r a t e s  0 . 0 5  t o  0 . 1  h r  b u t  t h e
_ 1
v a l u e s  r e c o r d e d  a t  0 . 0 2  h r  w e r e  a l l  l o w e r ,  p a r t i c u l a r l y  i n  t h e  
c a s e  o f  Y p  ( T a b l e  3 - 1 3 ) .
T h e  s o d i u m  c o n t e n t  o f  t h e  m e d i u m  a t  t h e  s t a r t  o f  a  
f e r m e n t a t i o n  w a s  a b o v e  5 6  mM d u e  t o  t h e  a d d i t i o n  o f  N aO H  s o l u t i o n  
t o  n e u t r a l i s e  t h e  g l u t a m i c  a c i d  a n d  b r i n g  t h e  p H  t o  6 . 5 .  
C o n s u m p t i o n  o f  t h e  g l u t a m a t e  i n  b a t c h  c u l t u r e  a l t e r e d  t h e  i o n i c  
b a l a n c e  o f  t h e  m e d i u m  a n d  a d d i t i o n s  o f  H C 1  r e q u i r e d  t o  c o u n t e r a c t  
t h i s  c a u s e d  t h e  c h l o r i d e  c o n t e n t  t o  r i s e  a b o v e  2 6  mM. U n d e r  
c h e m o s t a t  c o n d i t i o n s  t h e  s o d i u m  a n d  c h l o r i d e  l e v e l s  r e m a i n e d  a t  
a b o u t  1 0  a n d  1 2  mM r e s p e c t i v e l y  s i n c e  t h e  r e m o v a l  o f  g l u t a m a t e  
f r o m  f r e s h  m e d i u m  e n t e r i n g  t h e  v e s s e l  e f f e c t i v e l y  r a i s e d  i t s  p H  
f r o m  t h a t  p r e v a i l i n g  i n  t h e  m e d i u m  r e s e r v o i r .
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3 . 4  A m m o n i a - l i m i t e d  C h e m o s t a t  C u l t u r e s  o f  S .  n o u r s e i  i n  
a  2 - O x o - g l u t a r a t e  a n d  G l y c e r o l  M e d i u m
T h e  e x p e r i m e n t s  d e s c r i b e d  i n  s e c t i o n  3 . 3  i n d i c a t e d  t h a t  
g r o w t h  r e l a t e d  p r o d u c t i o n  o f  n y s t a t i n  w a s  p o s s i b l e  i n  b o t h  
g l u t a m a t e - n i t r o g e n - l i m i t e d  a n d  p r o l i n e - n i t r o g e n - l i m i t e d  c u l t u r e s .  
T h e  n i t r o g e n  s o u r c e  i n  e a c h  o f  t h e s e  e x p e r i m e n t s  w a s  a n  a m i n o  
a c i d ,  c o m p o u n d s  w h i c h  h a v e  f r e q u e n t l y  b e e n  f o u n d  t o  f a v o u r  
a n t i b i o t i c  p r o d u c t i o n  ( A h a r o n o w i t z , 1 9 8 0 ) ,  r a t h e r  t h a n  a n
i n o r g a n i c  n i t r o g e n  s o u r c e  w h i c h  m i g h t  r e p r e s s  p r o d u c t i o n .  F u r t h e r  
e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  d e t e r m i n e  i f  c h e m o s t a t  c u l t u r e s  o f  
S .  n o u r s e i  l i m i t e d  b y  a m m o n i a ,  r a t h e r  t h a n  b y  a m i n o  n i t r o g e n ,  
w o u l d  s t i l l  s h o w  g r o w t h - r e l a t e d  n y s t a t i n  p r o d u c t i o n .
T h e  n i t r o g e n  f r o m  p r o l i n e  e n t e r s  t h e  c e n t r a l  m e t a b o l i c  
p a t h w a y s  v i a  o x i d a t i o n  t o  g l u t a m a t e .  T h e  l a t t e r  c o m p o u n d  h a s  a  
c e n t r a l  r o l e  i n  m e t a b o l i s m  a n d  a c t s  a s  a n  a m i n o  d o n o r  i n  a  n u m b e r  
o f  t r a n s a m i n a t i o n  r e a c t i o n s .  A s s i m i l a t i o n  o f  a m m o n i a  u s i n g  
g l u t a m a t e  d e h y d r o g e n a s e  ( G D H )  o r  t h e  p a t h w a y  d i s c o v e r e d  b y  
T e m p e s t  e t  a l . ( 1 9 7 0 a )  i n v o l v i n g  g l u t a m a t e  s y n t h e t a s e  ( G S )  a n d
g l u t a m i n e :  2 - o x o - g l u t a r a t e  a m i n o  t r a n s f e r a s e  ( G O G A T ) , i n  e a c h
c a s e  r e s u l t s  i n  a  n e t  s y n t h e s i s  o f  g l u t a m a t e  f r o m  a m m o n i a  a n d  2 -  
o x o - g l u t a r a t e . T h e  e x c r e t i o n  o f  2 - o x o - g l u t a r a t e  b y  a m m o n i a -  
l i m i t e d  c u l t u r e s  o f  b a c t e r i a  h a s  b e e n  t a k e n  a s  a n  i n d i c a t i o n  t h a t  
h i g h  l e v e l s  o f  t h i s  k e t o - a c i d  p r o v i d e  t h e  d r i v i n g  f o r c e  f o r  
a m m o n i a  a s s i m i l a t i o n  ( N e i j s s e l  a n d  T e m p e s t ,  1 9 7 5 ) .  T h e s e  p a t h w a y s  
h a v e  b e e n  r e p o r t e d  t o  e x i s t  i n  a  n u m b e r  o f  b a c t e r i a  ( M e e r s  e t  
a l . , 1 9 7 0 )  i n c l u d i n g  t h e  s t r e p t o m y e e t e s  S .  v e n e z u e l a e  ( S h a p i r o
a n d  V i n i n g ,  1 9 8 3 )  a n d  S .  c l a v u l i g e r u s  ( B r a n a  e t  a l .  , 1 9 8 6 ) .  T h e
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enzymes of these pathways seem to be co-regulated with antibiotic 
synthesis in some streptomycetes (Aharonowitz, 1980) and their 
involvement in regulation of synthesis of the glutamate-derived 
antibiotic nourseothricin by S. noursei has been investigated by 
Grafe and co-workers (Grafe e t  a l . ,  1977, 1978, 1979).
The close links between proline, glutamate, ammonia and 2- 
oxo-glutarate led to the design of a medium which replaced the 
amino acids used in PGM3 and GGM with equimolar amounts of 2-oxo- 
glutarate and ammonia. Cultures grown in this medium might be 
expected to generate glutamate from the precursors supplied and 
thus retain some of the characteristics of proline or glutamate 
limited cultures. Chemostat experiments were undertaken to 
investigate antibiotic production, respiration and organic acid 
excretion in this 2-oxo-glutarate, glycerol, ammonia (OGGA) 
medium.
The maximum specific growth rate on OGGA medium was estimated 
at 0.16 hr"1, taking carbon dioxide excretion during exponential 
growth in batch culture as an indicator of biomass concentration. 
This growth rate was comparable with that obtained using PGM3
_ imedium (0.179 hr , Appendix 1) and substantially less than seen
_ iusing GGM (0.329 hr ). The amount of biomass produced by 
chemostat cultures of S. n o u rse i  in OGGA did not vary 
significantly over the range of dilution rates tested 
(Table 3-14).
Peak levels of antibiotics recorded in the batch phase 
preceding the continuous culture experiments were 21 to 33 mg.I"1 
for cycloheximide and 110 to 135 mg.l for nystatin. Under 
similar conditions proline-nitrogen-limited cultures produced
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Table 3-14. Steady-state fermentation data for chemostat cultures 
of Streptomyces noursei growing ammonia-limited in a 2-oxo- 
glutarate, glycerol medium. The cultures were grown in 3 1 of 
OGGA at 28 °G, pH 6.5, stirred at 1000 r.p.m. and aerated at 3 
l.min" . Biomass was estimated by weighing freeze-dried mycelium 
recovered by centrifugation from a measured volume of culture. 
Cycloheximide was estimated by bioassay of ethyl acetate extracts 
of whole culture broth. Residual 2-oxo-glutarate and ammonia were 
determined by ion chromatography and glycerol using an auto 
analyser.
D ilu tio n
Rate
(hr- 1 )
Biomass
( g - i - 1 )
Cyclo­
heximide
(m g.I- 1 )
Residual
2 -o x o -
g lu ta r a te
(mM)
Residual
G lycerol
(mM)
Residual
Ammonia
(mM)
0 .1 0  
0 .0 7 5  
0 .0 5  
0 .0 2
6 .8 4  ± 0 .1 0  
6 .6 4  ± 0 .1 8  
6 .9 1  ± 0 .2 2  
6 .7 2  ± 0 .1 2
0 .7  ± 0 .4  
1 .4  ± 1 .2  
0 .6  ± 0 .9  
0 .2  ± 0 .3
1 5 .4  ± 0 .7  
8 .9  ± 0 .4  
1 .1  ± 0 .5  
0 .0
< 0 .5
< 0 .5
< 0 .5
< 0 .5
0 .0  
0 .1 2  ± 0 .0 8  
0 .0 7  ± 0 .0 3  
0 .1 2  ± 0 .0 6
230 to 415 m g.I'1 of nystatin and 16 to 50 m g.I"1 of 
cycloheximide. As found with the batch phase of S. noursei in 
PGM3 and GGM, cycloheximide began to accumulate once the glycerol 
supply was depleted but it  was almost undetectable when the 
fermenter was run as a chemostat.
Microscopic examination of steady-state samples indicated 
that mycelium from cultures growing in 2-oxo-glutarate was more 
branched than that produced in other media tested (Plates 3-2 and
3-3). The general appearance of the mycelium did not change over 
the range of dilution rates tested (compare plates 3-3 and 3-4). 
Chains of spores were observed in a a steady-state sample taken 
at a dilution rate of 0.05 hr-1 (Plate 3-5) and it was noted that 
increasing the dilution rate removed the spores (Plate 3-4a). A 
second experiment failed to produce any further evidence of 
sporulation at dilution rates in the range 0.02 to 0.1 hr"1 .
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P l a t e  3 - 2
A comparison of the microscopic appearance of 
chemostat cultures of S. noursei grown in 
different media. Samples were taken from 
cultures growing at a dilution rate of 0.02 
hr’ 1 in a. OGGA, b. GGM or c, PGM3 medium. All 
cultures were maintained at 28°C, pH 6.5 with 
an aeration rate of 3 l.min"1 and an agitation 
rate of 1000 r.p.m. in 3 1 of culture medium. 
Magnification x 400.
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P l a t e  3 - 3
A comparison of the microscopic appearance of 
chemostat cultures of S. noursei grown in 
different media. Samples were taken from 
cultures growing at a dilution rate of 0.05 
hr"1 in a. OGGA, b. GGM or c. PGM3 medium. All 
cultures were maintained at 28 °C, pH 6.5 with 
an aeration rate of 3 l.min"1 and an agitation 
rate of 1000 r.p.m. in 3 1 of culture medium. 
Magnification x 400.
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Plate 3-4
The microscopic appearance of chemostat 
cultures of S. noursei grown in OGGA medium at
_ ia dilution rate of a. and b. 0.075 hr or c .
_ i0.1 hr . Samples b and c were taken from a 
single continuous culture run and sample a 
from an earlier experiment. The cultures were 
maintained at 28°Cf pH 6.5 with an aeration 
rate of 3 l.min-1 and an agitation rate of 
1000 r.p.m. in 3 1 of culture medium.
Magnification x 400.
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P l a t e  3 - 5
Spores (arrowed) of S. noursei observed In 
chemostat culture at a dilution rate of 0.05
_ ihr when using OGGA medium. The sample was 
taken 164 hr after starting the nutrient pump, 
a period sufficient for the passage of 8.2 
culture volumes through the fermenter. The 
culture was maintained at 28°C, pH 6.5 with an 
aeration rate of 3 l.min’ 1 and an agitation 
rate of 1000 r.p.m. in 3 1 of culture medium. 
Magnification x 400.
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Plate 5
3 . 4 . 1  N y s t a t i n  P r o d u c t i o n  i n  OGGA M e d iu m
Production of nystatin in chemostat culture rose in response 
to changes in dilution rate (Figure 3-22) and after a period of 
adjustment where the level fe ll again it was possible to obtain 
data approximating a steady-state. When these steady-state values 
were plotted against dilution rate (Figure 3-23) there appeared 
to be little  evidence of changes in yield with dilution rate. 
However, the data for 500 hr onwards (Figure 3-22) could be 
interpreted as showing a time dependent decrease in titre
_ iparticularly at a dilution rate of 0.02 hr . Raising the 
dilution rate to 0.05 hr”1 failed to restore the titre to the
E x p e r i m e n t  n u m b e r  C S T 0 3 0
E iccs -i : Time (hr)
Figure 3-22 Changes in specific titre of nystatin throughout the 
course of a chemostat experiment where S. noursei was grown on 2- 
oxo- glutarate glycerol medium with ammonia as the limiting  
nutrient. The culture was grown in 3 1 of OGGA at 28 °G, pH 6.5, 
stirred at 1000 r.p.m. and aerated at 3 l.min . Nystatin titres 
were estimated by UV spectroscopy of butanol extracts of whole 
broth and expressed in relation to the dry weight of mycelium 
collected by filtration. Dilution rate was controlled using a 
p eristaltic  pump and checked by timing the emptying of a 
calibrated side-arm attached to the medium supply line.
( + )  N y s t a t i n  y i e l d  ( Y  p / x ) ( a )  D i l u t i o n  r a t e
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level initially seen at this dilution rate. The absence of a 
transient increase following the dilution rate change also 
appeared to indicate a general deterioration in the ability of 
the culture to produce nystatin. These effects were similar to 
those seen with glutamate-limited cultures and it  may be of some 
significance that spores were observed in both types of culture.
The amount of nystatin produced in the 2-oxo-glutarate 
medium when steady-state conditions were first established (D =
0.05 hr"1) was approximately half that seen with glutamate- 
limited (Fig. 3-31, 3-32) or proline-limited (Fig. 3-23) cultures 
under similar circumstances. This difference appeared to be 
physiological in origin since selection of low-producing
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Figure 3-23 The steady-state specific titre of nystatin versus 
dilution rate when S. noursei was grown in chemostat culture 
using a 2-oxo-glutarate glycerol medium with ammonia as the 
limiting nutrient. Steady-state readings were taken as those 
obtained when, following a change in dilution rate, at least 3 
culture volumes had passed through the fermenter. The culture was 
grown in 3 1 of OGGA at 28°C, pH 6.5, stirred at 1000 r.p.m. and 
aerated at 3 l.min . Nystatin titres were estimated by UV 
spectroscopy of butanol extracts of whole broth and expressed in 
relation to the dry weight of mycelium collected by filtration.
(□) Nystatin yield (Y p^x) .
Dilution ta le  ( l /h r l
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organisms took place slowly relative to the time required to 
establish the initial steady-state.
The peaks in nystatin titre following shifts in dilution rate 
are of some interest and accord with the contention of Bushell 
(1989) that a "constant transient state" can have beneficial 
effects upon antibiotic production. Cyclic fed batch culture 
where regular additions of nutrients generate a transient state 
have been found by Gray and Vu-Trong (1987) to enhance the 
production of tylosin by Streptomyces frad iae. These authors 
found that feeding of glucose and glutamate in the presence of 
excess methyloleate retarded the decay of 9typosin thus extending 
the productive phase of the process by 100 hr. Substituting 2- 
oxo-glutarate for glutamate proved less beneficial, even though 
it  avoided the accumulation of glutamate-derived ammonia and 
might be expected to prevent ammonium repression of tylosin 
production (Omura e t  a l . ,  1983b). Although no data were presented 
to indicate that the 2-oxo-glutarate was u tilised , these 
observations were interpreted as indicating that formation of 
tylonolide (polyketide) precursors via  2-oxo-glutarate might not 
be a major route for metabolising glutamate carbon in S. frad iae. 
These hypotheses may have some relevance to nystatin production 
by S. noursei.
The evidence presented in figures 3-22 and 3-23 suggests that 
^nystatin’ rather than decaying once batch growth ceased, in fact 
adjusted to a constant level by 250 hr and that a stable increase 
was elicited by the rise in dilution rate to 0.075 hr" . A 
further increase was stimulated by increasing the dilution rate
_ i
t o  0 . 1  h r  a n d ,  a l t h o u g h  a t  t h i s  p o i n t  s o m e  l o s s  o f  p r o d u c t i v i t y
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may have begun, by the end of the experiment (900 hr) the 
^nystatin at ^=0.05 hr-1 was s t i l l  50% of that recorded in the 
in itia l steady-state. Clearly there was a considerable net 
synthesis of the enzymes of the nystatin pathway since the 
culture passed through about 38 generations, equivalent to a 
dilution of the original contents of the fermenter by 2.7 x 1011. 
The transitional periods appear to have perturbed the control 
mechanisms resulting in an uncoupling of the manufacture of 
nystatin biosynthetic enzymes from growth and/or an increase in 
the pool of precursors available for nystatin synthesis.
1 6 1
3 . 4 . 2  C a r b o n  a n d  N i t r o g e n  U t i l i s a t i o n
Measurements of residual substrates showed that glycerol and
ammonia were undetectable under steady-state conditions and that
-  12-oxo-glutarate, although undetected at 0.02 hr , showed a near
1linear increase in concentration over the range 0.05 to 0.1 hr" 
(Figure 3-24). The rate at which 2-oxo-glutarate was utilised 
(q2oc) increased linearly with dilution rate over the range 0.02
_ ito 0,05 hr but above this the trend indicated (by
extrapolation) that q20G was aPProaching a maximum value of 0.7 
-1 -1mmol.g .hr . The rate-limiting reaction in this case could 
either be the rate of transport of the lceto-acid into the cells 
or the rate at which it may be used in the citric acid cycle.
Dilution rato (1/hr)
Figure 3-24 Observed concentrations of 2-oxo-glutarate (□) and 
corresponding consumption rate (+) in relation to dilution rate 
for chemostat cultures of S. noursei grown on 2-oxo-glutarate 
glycerol medium with ammonia as the limiting nutrient. The 
cultures were grown at 28 °C, pH 6.5 with an aeration rate of 3 
l.min" and an agitation rate of 1000 r.p.m. in 3 1 of OGGA. The 
concentration of 2-oxo-glutarate in the filtrate was determined 
by ion chromatography.
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Table 3-15. The composition of cells of S. noursei grown at 
various dilution rates in chemostat culture on 2-oxo-glutarate 
glycerol medium with ammonia as the limiting nutrient. The 
cultures were grown at 28 °C, pH 6.5 with an aeration rate of 3
l.min" and an agitation rate of 1000 r.p.m. in 3 1 of OGGA. The 
content of C, H and N was determined by microanalysis of freeze 
dried material, Mg content was estimated from the yield constant 
for Mg-limited cells (Section 3 .1 .7). The remaining elements were 
estimated by measuring residual potassium, phosphate and sulphate 
by ion chromatography and subtracting these values from the known 
composition of uninoculated medium. ND = Not Determined.
Element
C e l l com position (% w/w) a t  each d i lu t io n rate
0. 02 h r " 1 0 .0 5  hr 1 0 .0 7  hr”-1 0,,10 hr"-1
Carbon 41 .5 6 ± 0 .3 4 2 .0 3  ± 0 .8 4 2 .5 5 + 0 .9 4 2 .3 7 + 0 .6
Hydrogen 6 .7 9 + 0. 08 6 .7 5  ± 0 .1 6 6 .83 ± 0 .1 8 6 .7 8 + 0 .0 8
Nitrogen 9 .1 0 0 .1 0 9 .7 0  ± 0 .3 9 10. 03 + 0 .3 0 9 .5 7 + 0 .1 0
Magnesium 0 .1 1 0 .1 1 0 .1 1 0 .1 1
Phosphorus 3. 66 + 0 .0 7 3 .4 9  ± 0 .3 1 3 .41 + 0 .1 5 3 .1 9 + 0 .0 5
Sulphur 0 .2 7 ± 0. 00 0 .2 8  ± 0 .0 7 0 .3 4 + 0 .0 3 0 .2 9 + 0 .0 1
Potassium 2 .3 7 ± 0 .1 5 3 .1 2  ± 0 .3 6 2 .7 0 + 0 .4 1 2 .4 5 + 0 .2 4
and by su b traction
Oxygen 36 .14 34 .52 34 .03 35 .24
RQ (observed) 1 .5 0 + 0 .1 0 1 .1 1  ± 0 .0 6 1. 08 i 0 .0 9 1 .09 + 0 .0 3
RQ (ca lcu la te d ) 1. 07 1 .0 1 1. 05 1 .0 1
Despite the changes with dilution rate, in the amount of 
carbon utilised, the yield on nitrogen and the biomass remained 
constant and there was l i t t le  change in cell composition 
(Table 3-15). The percentage of the supplied carbon incorporated 
into the cells (Table 3-16) therefore also remained constant and 
the changes in carbon utilisation were reflected as variations in 
carbon conservation and this was most clearly seen as a decrease 
in the amount of carbon released as carbon dioxide at the higher 
dilution rates (Table 3 -16). Unidentified soluble products 
accounted for 10 to 15% of the carbon and less than 1% was 
converted to nystatin.
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Table 3-16. The distribution of carbon between products of growth 
for chemostat cultures of S. noursei grown at a range of dilution 
rates in 2-oxo-glutarate glycerol medium with ammonia as the 
limiting nutrient. The cultures were grown at 28 °C, pH 6.5 with 
an aeration rate of 3 l.min"1 and an agitation rate of 1000 
r.p.m. in 3 1 of OGGA. Carbon dioxide in the exhaust gas from the 
fermenter was measured using an infra-red analyser and the carbon 
content of cells and filtrate determined by microanalysis of 
freeze dried material. Nystatin titres were estimated by UV 
spectroscopy of butanol extracts of whole broth and residual 2- 
oxo-glutarate in the culture filtra te  determined by ion 
chromatography.
Dilution Carbon Recovered as (% of input)Rate 002 Cells Filtrate Total* 2-oxo- Nystatin(hr-1) glutarate
0.10 33.4 + 0.7 40.3 ± 1.3 28.1 ± 0.5 101.8 12.8 ± 0.6 0.80 ± 0.22
0.07 40.0 ± 1.1 38.9 ± 0.8 23.3 ± 0.5 102.2 7.4 ± 0.4 0.92 ± 0.19
0.05 47.1 ± 2.3 40.5 ± 1.3 12.8 ± 3.2 100.4 0.9 + 0.4 0.73 ± 0.12
0.02 52.9 ± 1.9 38.8 + 1.1 - - 0.0 0.67 ± 0.08
*  Sura o f  CO2, c e l l s  a n d  f i l t r a t e .
These observations show that not all of the 2-oxo-glutarate 
catabolised by the organism was essential for growth. The most 
telling observation was that the amount of carbon incorporated 
into biomass remained virtually .unchanged both as a proportion of 
that supplied and as a proportion of the biomass. The amount of 
biomass formed depended only upon the availability of nitrogen 
even when, as seen with PGM3 and GGM, there were no residual 
carbon containing nutrients detectable. The results obtained with 
OGGA also provide support for the suggestion that none of these 
media are energy-limited since, as the amount of residual 
nutrients increased, the biomass remained unchanged and the 
amount of carbon "wasted" as carbon dioxide decreased.
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R e s p ir a t io n
Both oxygen uptake rate (qo2  ^ and carbon dioxide excretion 
rate (q^c^) increased linearly with dilution rate up to 0.075 
hr”1 (Fig. 3-25). There was a departure from linearity at a 
dilution rate of 0,1 hr , a pattern similar to that seen for 
q2QG (Fig 3-24). The shifting balance between the amounts of the 
two carbon substrates utilised was also reflected in changes of 
RQ with dilution rate (Fig. 3-25). Thus, it  appeared that changes 
in respiration were closely linked with the limited ability of 
the organism to utilise 2-oxo-glutarate at higher dilution rates.
Feeding of glycerol plus an overflow metabolite (2-oxo- 
glutarate) which in other media is excreted at high dilution
a. b.
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Figure 3-25 Metabolic quotients concerned with gas exchange in 
relation to dilution rate for chemostat cultures of S. noursei 
grown on 2-oxo-glutarate glycerol medium with ammonia as the 
limiting nutrient. The culture was grown at 28 °C, pH 6.5 with an 
agitation rate of 1000 r.p.m. The exhaust gas was analysed using 
a paramagnetic oxygen analyser and an infra-red carbon dioxide 
analyser and the readings used for calculation of metabolic 
quotients.
a. (□) The metabolic quotient for oxygen.
(+) RQ the respiratory quotient 9c02/'<^ 02’
b. (□) The metabolic quotient for carbon
dioxide.
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rates, has much in common with the experiments of Rieger e t  a l. 
(1983) where chemostat cultures of Saccharomyces cerev is ia e  were 
supplied with glucose and their overflow metabolite, ethanol. The 
results obtained with S. c e rev is ia e  and with S. noursei both show 
a similar pattern of increasing amounts of residual overflow 
metabolite beyond a c r itica l dilution rate (Figure 3 -24), 
accompanied by a flattening of the qG2 curve (Figure 3-25). 
Sonnleitner and Kappeli (1986) concluded that results of this 
type arose because S. c e rev is ia e  had a limited respiratory 
capacity. There is litt le  doubt that in the case of S. noursei 
respiratory capacity is adequate since qQ2 and qco2 values in GGM 
exceed those seen with OGGA. Thus it  seems reasonable to ask 
whether the experiments of Rieger e t  a l. (1983) indicate a 
limited respiratory capacity or simply a rate-limiting step at 
some other point in the catabolic processes (Postma e t  a l. 1989).
Excretion o f  Organic Acids
Oxalate was detected (0.3 mM) at the end of the batch phase
of the experiment and approximately 35% of the steady-state
*|
samples taken at a dilution rate of 0.05 hr contained traces of 
oxalate (<0.7 mM) . None of the steady-state samples from other 
dilution rates contained detectable amounts of oxalate or any 
other acids detected using the strong anions column set. The 
samples all contained trace amounts of an acid which on the weak 
anions column set displayed a retention time similar to that 
obtained with lactate or succinate. The latter acid can be 
detected on the strong anions column set but is normally swamped
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The possible presence of succinate in a 2-oxo-glutarate-fed 
culture could be linked with catabolism of the latter acid via 
the citric acid cycle, which involves its conversion first to 
succinyl-CoA and then to succinate. The high levels of 2-oxo- 
glutarate might thus induce higher levels of succinate which can 
just be detected when released into the medium. These 
observations may be an indication that 2-oxo-glutarate is a 
preferred overflow metabolite for nitrogen-limited cultures of S. 
noursei and that supplying an external source, as in OGGA, cannot 
force carbon substrates through the metabolic bottleneck to 
generate large amounts of alternative overflow metabolites.
3.4.3 Utilisation of Inorganic Nutrients
The yield on phosphate (Yp) and on sulphate (Yg) did not 
appear to change with dilution rate (Table 3-17). The amount of 
potassium required by bacterial cells has been shown to vary with 
dilution rate and osmotic strength of the culture medium and to 
be closely linked to intracellular glutamate pools (Tempest & 
Meers, 1968; Tempest e t  a l. 1970b). These changes could account 
for the irregular variations of yk with dilution rate since it  is 
possible that pool levels of glutamate may be modulated by the 
availability of 2-oxo-glutarate.
Sodium concentrations in the culture medium under steady- 
state conditions increased from 10.5 mM to 24.6 mM as residual 2- 
oxo-glutarate increased, apparently because the 2-oxo-glutarate 
was accompanied by an equimolar amount of additional sodium added
b y  s u l p h a t e  i n  t h e  m e d iu m  s i n c e  t h e  tw o  a c i d s  c o - e l u t e .
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Table 3-17 Yield of S. noursei on inorganic nutrients and 
corresponding sodium and chloride contents for chemostat cultures 
under steady-state conditions at various dilution rates in 2-oxo- 
glutarate glycerol medium with ammonia as the limiting nutrient. 
The cultures were grown in 3 1 of OGGA at 28°C, pH 6.5, stirred 
at 1000 r.p.m. and aerated at 3 l.min" . Phosphate, sulphate, 
potassium, sodium and chloride content of the culture filtrate  
was estimated by ion chromatography and yields were calculated by 
subtracting these values from the known composition of 
uninoculated medium and relating the difference to the weight of 
freeze dried mycelium recovered by centrifugation from a measured 
volume of culture.
D ilu tio n  
Rate  
(hr x )
YP
(g .m ol- 1 )
YS
(g.mmol- 1 )
y k
(g .m ol- 1 )
Sodium
(mM)
Chloride
(mM)
0 .1 0 971 ±16 1 0 .9  ± 0 .2 1607 ±169 2 4 .6  ± 0 .6 1 2 .2  ± 0 .2
0 .0 7 910 ±40 9 .5  ± 0 .7 1482 ±231 2 0 .5  ± 0 .4 1 2 .0  ± 0 .2
0. 05 896 ±88 1 2 .1  ± 2 .6 1268 ±149 12 .2  ± 1 .3 1 3 .5  ± 0 .7
0 .0 2 847 ±16 1 1 .8  ± 0 .1 1655 ±101 1 0 .5  ± 0 .1 1 4 .1  ± 0 .0
in the pH titrant. At the lowest dilution rate tested (0.02 hr'1) 
pH adjustments using HC1 were reflected in the chloride content 
of the medium. Increases in Yjr, or the converse decreases in 
potassium content, as growth rate and osmotic strength increased 
run counter to the observations of Tempest & Meers (1968) that in 
K leb sie lla  aerogenes increases in growth rate or in salt content 
of the medium were accompanied by increases in potassium content. 
However 2-oxo-glutarate, a major component of GGM, is readily 
metabolised to glutamate, a compound having an important role as 
a counter ion to potassium in osmoregulation (Csonka, 1989). Thus 
it  is possible that glutamate pool variations swamped any 
variation in the potassium content of S. noursei which might have 
arisen from differences in salt content and growth rate.
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3 .5  A m m onia-N itrogen-Lim ited Chem ostat Cultures of S. noursei 
Using Glycerol as Sole Carbon Source
The growth related production of nystatin by nitrogen-limited 
cultures of S. noursei was shown in sections 3.2 to 3.4 to occur 
whether the nitrogen was supplied as an amino acid or as ammonia. 
Repression of antibiotic synthesis by ammonia did not appear to 
be a major problem in the low-ammonia environment created using a 
chemostat where this nitrogen source was the limiting nutrient.
The influence of the nitrogen source upon antibiotic  
production thus appeared to be minimised in the chemostat and 
some exploration of the role of the carbon source was undertaken. 
The nitrogen-limited media used in the experiments described in 
sections 3.2 and 3.3 included two carbon and energy sources 
since, in addition to the amino acid, glycerol was added to 
ensure that excess carbon was available. The medium used in 
experiments where ammonia replaced the amino nitrogen (section 
3.4), included 2-oxo-glutarate to represent the carbon skeleton 
of the amino acid. Since the latter experiment showed that 
nystatin was produced on a medium containing inorganic nitrogen, 
it was thought that it would be possible to measure nystatin 
production in ammonia-limited media having glycerol as the sole 
carbon source. A medium having a C:N ratio of 10:1, as in all of 
the mixed carbon source experiments, was compared with 8:1 and 
20:1 variants. Experimental work in the chemostat was conducted 
under the standard conditions at a fixed dilution rate of 0.05
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Table 3-18 Fermentation data for chemostat cultures of S noursei 
growing at a dilution rate of 0.05 hr"1 in ammonia glycerol 
media. The cultures were grown in 3 1 of medium at 28 °C, pH 6.5 
stirred at 1000 r.p.m. and aerated at 3 l.min"1. Biomass was 
estimated by weighing dried mycelium filtered from a measured 
volume of culture. Cycloheximide was estimated by bioassay of 
ethyl acetate extracts of whole culture broth. Nystatin titres 
were estimated by UV spectroscopy of butanol extracts of whole 
broth and expressed in relation to the biomass. Residual glycerol 
in the culture filtrate was determined using an auto analyser and 
residual ammonia by ion chromatography.
G lycerol
Input
(mM)
C: N 
Ratio
Biomass
( g . l - 1 )
Cyclo ­
heximide  
(m g.l ! )
Residual
G lycerol
(mM)
Residual
Ammonia
(mM)
YN ystatin
(mg.g- 1 )
160 8 :1 6 .7 5  ± 0 .1 8 0 .8  ± 1 .1 < 0 .7 0 4 0 .8  ± 2 .1
200 1 0 :1 7 .2 2  ± 0 .1 8 5 .3  ± 7 .5 < 0 .7 0 4 2 .5  ± 2 .0
■ 400 2 0 :1 7 .6 4  ± 0 .2 0 0 .0 126 ±10 0 7 0 .2  ± 1 .9
The amount of biomass supported (Table 3-18) was primarily 
restricted by the ammonia content of the medium although the 
value increased slightly with glycerol content over the range 
tested. Cycloheximide was produced (<60 mg.I"1) in the batch 
phase but, as for all other media tested, under steady-state 
conditions this antibiotic was rarely detectable.
3.5.1 Nystatin Production
The medium with a C:N ratio of 10:1 (C10/1 medium) was used 
for the batch phase of the culture and for the transition to 
continuous culture at a dilution rate of 0.05 hr"1. Peak titres 
of antibiotic were, at each stage, comparable with those measured 
using the proline medium under the same conditions. Steady-state 
titres for the medium having a C:N ratio of 8:1 (C8/1) and C10/1 
were almost equal, contrasting with the 20:1 medium (C20/1) which 
supported production of 75% more nystatin (Table 3-18).
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Table 3-19. The composition of ammonia-limited cells of S. 
noursei grown at a dilution rate of 0.05 hr"1 in chemostat 
culture using glycerol media with ammonia as the limiting  
nutrient. The cultures were grown in 3 1 of medium at 28 °C, pH
6.5 stirred at 1000 r.p.m. and aerated at 3 l.min" . The content 
of C, H and N was determined by microanalysis of freeze dried 
material, Mg content was estimated from the yield constant for 
Mg-limited cells (Section 3 .1 .7). The remaining elements were 
estimated by measuring residual potassium, phosphate and sulphate 
by ion chromatography and subtracting these values from the known 
composition of uninoculated medium.
E l e m e n t
C e l l c o m p o s i t i o n  (% w / w )  a t e a c h  C : N r a t i o
8 : a 1 0 : 1 2 0 : 1
C a r b o n 4 3 . 0 1 ± 0 . 5 5 4 4 . 9 7 ±  0 . 4 9 4 5 . 9 5 i 0 . 3 5
H y d r o g e n 6 . 8 1 ±  0 .  0 6 7 . 2 4 ±  0 . 0 3 7 . 2 7 Hr 0 . 1 0
N i t r o g e n 9 . 5 8 ±  0 . 2 6 8 . 6 4 ±  0 . 2 7 8 . 2 1 ± 0 . 2 2
M a g n e s i u m 0 . 1 1 0 .  1 1 0 . 1 1
P h o s p h o r u s 3 . 6 6 ±  0 . 2 2 2 . 6 5 ± 0 . 1 1 2 . 5 6 i 0 . 0 1
S u l p h u r 0 . 2 6 ±  0 . 0 3 0 . 1 1 ±  0 . 0 6 0 . 1 7 + 0 . 0 1
P o t a s s i u m 2 . 1 8 ±  0 . 3 2 1 . 4 8 ±  0 . 3 4 1 . 5 0 ± 0 .  1 2
a n d  b y  s u b t r a c t i o n
O x y g e n 3 4 . 3 9 3 4 . 8 0 3 5 . 2 4
RQ ( o b s e r v e d ) 0 . 7 4 ±  0 . 0 1 0 . 7 6 ±  0 . 0 3 0 . 7 2 Hh 0 . 0 2
RQ ( c a l c u l a t e d ) 0 . 7 3 0 . 7 7 0 . 7 1
The large increase in nystatin yield appeared to be an effect 
of increasing the carbon content of the medium beyond the point 
where the organism was able to metabolise all of that available. 
Cells saturated in this way might be expected to produce a 
variety of carbon-rich metabolites from the pools of 
intermediates generated. Nystatin production may thus have been 
stimulated, despite the requirement for one atom of nitrogen per 
molecule which might be expected to exert a restraining influence 
in a nitrogen-limited culture.
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3 . 5 . 2  C a r b o n  a n d  N i t r o g e n  U t i l i s a t i o n
The carbon content of the cells was higher, and nitrogen 
content lower, in cells grown at high C:N ratios (Table 3-19). 
The ratio of C/N in the cells rose from 4.49 to 5.60 as the 
glycerol content of the medium was increased from 160 to 400 mM. 
Thus it appeared that the cell composition reflected, to a 
limited extent, the C:N ratio of the medium. Data acquired using 
proline containing media Table 3-1 suggests that the 8:1 ratio 
might be close to the point where the medium changes from being 
carbon-limited to nitrogen-limited for S. noursei. The larger 
change of nitrogen content for the C8/1 to C10/1 change in medium 
composition may be an indication that the metabolism of the 
organism was shifting from nitrogen excess to carbon excess. Mass 
balance calculations (as in section 3.3) indicated that in C8/1 
medium only 6.4% of the input carbon remained in the culture 
filtrate and that in both C10/1 and C20/1 media, apart from 2- 
oxo-glutarate and residual glycerol, 8% of the carbon appeared in 
the filtrate as unidentified products.
The variations in cell structure were accompanied by changes 
in substrate utilisation and product excretion. Cells growing in 
C8/1 and C10/1 media used all of the glycerol supplied, those 
growing in C20/1 medium converted only 68.4% of the glycerol to 
biomass and by-products (Table 3-20). Although the maximum titre 
of nystatin increased with C/N ratio the efficiency of conversion 
of glycerol to antibiotic showed the opposite trend. The 
availability of larger pools of precursors thus appeared to 
increase the output of nystatin from the cell but this was also
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accompanied by an increase in energy spilling reactions which 
either completely oxidised the glycerol or led to the 
accumulation of 2-oxo-glutarate and possibly pyruvate (Table 3- 
1).
Table 3-20 Carbon balance data and yield on oxygen for ammonia- 
limited chemostat cultures of S. noursei growing at a dilution 
rate of 0.05 hr- with glycerol as the sole carbon source. The 
cultures were grown in 3 1 of medium at 28 °C, pH 6.5 stirred at 
1000 r.p.m. and aerated at 3 l.min . Carbon dioxide content of 
the exhaust gas from the fermenter was measured using an infra­
red analyser and the oxygen content using a paramagnetic 
analyser. The carbon content of cells was determined by 
microanalysis of freeze dried material. Glycerol was estimated 
using an autoanalyser and 2-oxo-glutarate by ion chromatography. 
Nystatin titres were estimated by UV spectroscopy of butanol 
extracts of whole broth and the yield on oxygen was calculated 
from the oxygen consumption of the culture and the biomass 
concentration.
C:N
Ratio
Carbon recovered as (% of input) Y02
(g.mol-1)co2 Cells 2-oxo-glutarate Glycerol Total* Nystatin
8:1 41.0 ±1.0 51.4 ±1.3 0.2 ±0.2 0.4 ±0,0 93.0 ±1.9 2.9 ±0.2 25.3 ±1.1
10:1 41.9 ±2.8 48.3 ±1.3 0.6 ±1.3 0.3 ±0.0 91.1 ±4.0 2.6 ±0.2 22.1 ±0.4
20:1 25.3 ±1.6 26.9 ±0.6 8.2 ±0.9 31.6 +2.6 92.0 ±1.3 2.3 ±0.1 18.3 ±0.4
* The total excludes nystatin because it was present in both cells and filtrate. Figures for total carbon content of culture filtrate are not available.
R espiration
The yield on oxygen for cells supplied with excess carbon 
was lower than for those close to carbon limitation (Table 3-20). 
Carbon dioxide excretion varied in proportion with oxygen uptake 
giving RQ values which accorded well with those obtained from 
mass balance calculations (Table 3-19). The readings for all 
three glycerol only media were lower than the RQ values obtained 
with PGM3 (0.81), GGM (0.98) and OGGA (1.01) at a dilution rate
1 7 3
of 0.05 hr-1 . These differences may also be explained in terms of 
oxygen demand since the synthesis of biomass from glycerol 
requires oxygen according to the mass balance equation:-
g3h8°3 + 0.48 nh3 + ° - 31 °2 " _> 3 CH1 9°0 58N0 16 + 1487 H2°
The energy required for biosynthesis may be released by the 
oxidation of glycerol to carbon dioxide and water:-
c 3h8°3 + 3,5 °2 ~_> 3 co2 + 4 h2°
In the absence of any other major products of metabolism 
these two equations encapsulate the influences on RQ although 
more complex models may be constructed where the release of 
carbon dioxide from purely assimilatory pathways and the energy 
requirements of biosynthesis, transport, maintenance and other 
activities are taken into account (Gommers e t  a l . ,  1988). 
Combining the simple mass balances in any proportions results in 
an RQ lower than the 0.85 obtained from the second equation 
alone. Inserting the observed ratio of cells to carbon dioxide 
for the C10/1 medium gives a hypothetical value close to that 
determined by experiment.
Mixtures of proline, glutamate or 2-oxo-glutarate with 
glycerol must result in higher RQ values than glycerol alone 
since complete dissimilation of these compounds results in 
notional RQ values of 0.91, 1.11 and 1.25 respectively, and
complete assimilation to cells in each case generates a net 
surplus of oxygen.
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E x c r e t io n  o f  O rganic A c id s
This experiment produced conditions which led to the most 
dramatic excretion of overflow metabolites seen on steady-state 
cultures of S. noursei. When the organism was grown in C20/1 
medium excretion of 2-oxo-glutarate accounted for 12% of the 
carbon utilised. Thus it appeared that when extra glycerol was 
available the cells produced large quantities of this overflow 
metabolite, although the presence of residual glycerol in the 
C20/1 medium showed that there were limits to the amount of 
glycerol that could be oxidised in this way. Cells, carbon 
dioxide and 2-oxo-glutarate accounted for all but 11.7% of the 
carbon utilised from the C20/1 medium compared with 7-9% for the 
other two media. A number of organic acids possibly including 
acetate and succinate were detected using the weak anions column 
set but none was present in substantial amounts. Carbon dioxide 
and 2-oxo-glutarate thus appeared to be the major additional 
products excreted by S. noursei cultures displaying high rates of 
overflow metabolism in an ammonia-limited chemostat. The other 
acidic products could not be unambiguously identified by ion 
chromatography alone since a large number of potential microbial 
products may be detected as weak anions and some compounds are 
not properly resolved from each other e.g. formate and fumarate 
or lactate and succinate.
The formation of substantial amounts of 2-oxo-glutarate from 
the glycerol in C20/1 medium was associated with a lower the RQ 
since this metabolic activity results in a net demand for oxygen. 
The oxidation of glycerol in this way contributes litt le  to
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growth of the organism so causing a reduction in the yield on 
oxygen (Table 3-19).
The appearance of 2-oxo-glutarate in these cultures suggests 
that the overflow of this acid from PGM3 and GGM cultures was not 
purely due to the release of excess amounts of 2-oxo-glutarate as 
the nitrogen was stripped from the amino acid.
3.5.3 Utilisation of Inorganic Nutrients
Changes in the C:N ratio of the culture medium did not 
appear to induce any substantial variation in yield on phosphate 
(Table 3-21). Apparent changes in the yield on sulphur were 
thought to be due to the presence in some samples of succinate 
which co-elutes with sulphate in the ion chromatography system 
used for strong anion measurements. A compound tentatively  
identified as succinate was observed in the experiments with OGGA
Table 3-21 Yield of S. noursei on inorganic nutrients for 
ammonia-limited chemostat cultures growing at a dilution rate of 
0.05 hr with glycerol as the sole carbon source. The cultures 
were grown in 3 1 of medium at 28 °C, pH 6.5 stirred at 1000 
r.p.m. and aerated at 3 l.m in-1 . Phosphate, sulphate and 
potassium content of the culture filtrate was estimated by ion 
chromatography and yields were calculated by subtracting these 
values from the known composition of uninoculated medium and 
relating the difference to the weight of freeze dried mycelium 
recovered by centrifugation from a measured volume of culture.
C : N
R a t i o
Y P
( g . m o l - 1 )
Y S
( g . i t r n i o l - 1 )
y k
( g . m o l - 1 )
8 : 1
1 0 : 1
2 0 : 1
9 7 5  ±  5 7  
1 0 9 5  ±  7 4  
1 1 0 0  ±  3 0
1 2 . 2  ±  1 . 6
1 9 . 4  ±  2 . 0
1 7 . 5  ±  1 . 2
1 7 8 1  ±  2 1 7  
2 1 0 9  ±  1 6 0  
2 3 7 0  ±  1 5 4
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medium and its detection in these two types of culture may 
indicate that the presence of excess 2-oxo-glutarate can lead to 
a limited excretion of succinate as an overflow metabolite.
All samples contained large amounts of sodium and chloride 
ions introduced in the preparation of the medium and as pH 
titrants during the fermentation. The presence of these ions 
produced over-range peaks on the appropriate ion chromatograms. 
The potassium content of the cells was apparently rather lower 
than seen with cells grown in other media (Table 3-13, Table 3- 
17) despite the presence of extra salt, a compound which might be 
expected to induce the cells to take up potassium (Tempest & 
Meers, 1968). There also appeared to be a decrease in the 
potassium content of the cells as the glycerol content of the 
medium was increased. A much more detailed study of the use of 
potassium by S. noursei seems to be required before any reliable 
interpretation may be placed upon these observations.
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3 .6  Shaken Flask Cultures of Streptomyces noursei 
in Buffered Defined Media
Preliminary work on the selection of media suitable for the 
production of antibiotics is frequently carried out by growing 
batch cultures in shaken flasks and comparing the titres obtained 
in the different media. The experiments described in the 
preceding parts of this thesis resulted in the formulation of a 
number of media which supported the production of nystatin by S. 
noursei in continuous culture. A shaken flask experiment was 
undertaken to compare production of nystatin in six of the media 
used in the chemostat. Since in flask cultures, automatic control 
of pH was not available, a buffer (MOPS, 50 mM) was incorporated 
into the media originally designed for chemostat experiments. 
Nystatin titre and also measurements of pH, 2-oxo-glutarate, 
phosphate, sulphate, ammonia and biomass content were recorded 
for duplicate flask cultures to allow a comprehensive comparison 
of the media. These data could also be compared with some of the 
equivalent readings obtained from chemostat experiments.
3.6.1 Dry Weight and Phosphate Uptake
Dry weight and phosphate uptake readings displayed similar 
trends thus apparently providing alternative estimates of growth. 
These measurements (Figure 3-26) showed that the organism grew 
most rapidly in buffered GGM and OGGA.
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Figure 3-26 Daily readings of a. dry weight of cells and b. 
phosphate uptake for cultures of S. noursei grown in a selection 
of media as 50 ml batch cultures in 250 ml Erlenmeyer flasks. 
Cultures were grown at 28 °C on an orbital shaker (50 mm throw) 
rotating at 250 r.p.m. All media were buffered with MOPS (50 mM).
OGGA — Glycerol (100 mM),
GGM = Glycerol (100 mM),
PGM3 = Glycerol (100 mM),
G10/1 = Glycerol (200 mM),
C20/1 = Glycerol (400 mM),
PCL = Proline (100 mM)
Key to media
2-oxo-glutarate (60 mM) 
Glutamate (60 mM) 
Proline (60 mM)
Ammonia (60 mM)
Ammonia (60 mM)
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Growth in the two proline-based media was slightly slower but 
the peak biomass readings were similar to GGM and OGGA. The 
glycerol ammonia media supported sparse growth which produced 
little  turbidity in the medium and, on the first day, the dry 
weight readings were higher than expected from the culture 
appearance. The initial high readings were attributed to errors 
introduced by inadequate rinsing or drying of the filte rs . The 
phosphate uptake by the glycerol ammonia cultures seemed to be 
greater than in the other cultures and was less strongly linked 
with dry weight.
3.6.2 Culture pH
The pH of cultures grown in glycerol ammonia media (Figure 3- 
27a) dropped sharply within 2 days probably because of 
incorporation of more than 25 mmol of ammonium ions per litre  
(Figure 3-27b) into cell components which are electroneutral 
(Minkevich et al . ,  1989). The release of acidic catabolites of 
glycerol may also have contributed to the fa ll in pH. The 
inclusion in the medium of MOPS did little  to control these 
effects because pH 6.5 is at the lower end of the useful range 
for this buffer. The low pH induced by initial growth of the 
cultures did not appear to be compatible with further growth. A 
supplementary experiment using a fermenter with pH control showed 
that the organism could produce up to 6,3 g.1-1 of biomass and 
263 mg.1-1 of nystatin in buffered C10/1 medium.
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Figure 3-27 Daily readings of a. pH and b. ammonia content of 
cultures of S. noursei grown in a selection of media as 50 ml 
batch cultures in 250 ml Erlenmeyer flasks. Cultures were grown 
at 28°C on an.orbital shaker (50 mm throw) rotating at 250 r.p.m. 
All media were buffered with MOPS (50 mM).
Key to media
OGGA = Glycerol (100 mM), 2-oxo-glutarate (60 mM)
GGM = Glycerol (100 mM), Glutamate (60 mM)
PGM3 = Glycerol (100 mM), Proline (60 mM)
C10/1 = Glycerol (200 mM), Ammonia (60 mM)
C20/1 = Glycerol (400 mM), Ammonia (60 mM)
PCL -  Proline (100 mM)
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The pH reducing effect of ammonia uptake appeared, in 
buffered OGGA, to be countered by the inherent buffering capacity 
of 2-oxo-glutarate. Consumption of glutamate, an acid providing 
both nitrogen and carbon, from buffered GGM induced a rise in pH. 
Both of these media and two others, where nitrogen was supplied 
as the neutral amino acid proline, supported growth of S. 
n ou rsei . A decrease in dry weight readings and the release of 
phosphate and ammonia by these cultures after 3 days incubation 
appeared to indicate cell lysis. Consumption of acids, and 
ammonia release, were associated with a rise in pH of 
approximately 2 units except in the case of buffered PGM3 where 
both major nutrients were electroneutral. The utility of MOPS as 
a buffer opposing the rise in pH commonly encountered with 
streptomycete cultures was demonstrated in the carbon-limited 
medium where, despite the release from proline of 40 mmol of 
ammonia per litre the culture did not become strongly alkaline.
3.6.3 Consumption and Excretion of Organic Acids
Growth of S. noursei on buffered OGGA did not reduce the 2- 
oxo-glutarate content of the medium within the first day although 
83% of the acid was consumed between 1 and 3 days after 
inoculation (Figure 3-28a). This suggests that glycerol was a 
preferred substrate, a conclusion which accords well with the 
results in section 3.4 where evidence was presented that rapidly 
growing cultures of S. noursei were unable to use all of the 2- 
oxo-glutarate in OGGA.
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Figure 3-28 Daily readings of a. 2-oxo-glutarate content and
b. oxalate content of the filtrate from cultures of S. noursei
grown in a selection of media as 50 ml batch cultures in 250 ml 
Erlenmeyer flasks. Cultures were grown at 28 °C on an orbital
shaker (50 mm throw) rotating at 250 r.p.m. All media were
buffered with MOPS (50 mM).
Key to media
OGGA = Glycerol (100 mM), 2-oxo-glutarate (60 mM)
GGM = Glycerol (100 mM), Glutamate (60 mM)
PGM3 = Glycerol (100 mM), Proline (60 mM)
C10/1 = Glycerol (200 mM), Ammonia (60 mM)
G20/1 = Glycerol (400 mM), Ammonia (60 mM)
PCL = Proline (100 mM)
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The failure of the shaken flask cultures to sustain the 
biomass formed within the first 2 days was of some interest since 
there appeared to be adequate supplies of 2-oxo-glutarate, 
phosphate and ammonia. Formulation of the medium in accordance 
with data presented in section 3.1 should have ensured that the 
other nutrients required for growth were present in excess. This 
deterioration of the culture was accompanied by a rise in pH but 
it  is not clear whether this was a cause or an effect of the 
cessation of growth and subsequent cell lysis.
Cultures grown in GGM grew vigorously and within the first 2 
days converted 9% of the carbon in the medium into 2-oxo- 
glutarate and 8% of the nitrogen into ammonia. The experiments 
described in section 3.3 showed that GGM can support very rapid 
growth (Mmax 0.329), probably because glutamate enters the cell 
rapidly. The results of the shaken flask experiment suggest that 
the rate of entry of glutamate exceeded the rate at which 
nitrogen could be incorporated into biomass and that excess 
glutamate was excreted, after deamination, as ammonia and 2-oxo- 
glutarate. Assimilation of glutamate nitrogen also appears to 
have added to the amount of excess 2-oxo-glutarate excreted 
during the period of vigorous growth.
A second acid, tentatively identified as oxalate, accompanied 
the excretion of 2-oxo-glutarate by cultures grown in buffered 
GGM and smaller amounts of the acid were found in all four media 
which incorporated a 5-carbon compound as a nutrient (Figure 3- 
28b) . This compound probably did not arise from spontaneous 
decomposition of 2-oxo-glutarate produced by the culture because 
its concentration in buffered OGGA was inversely related to 2-
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oxo-glutarate concentration. The presence of this additional acid 
appeared to be an indicator of the onset of overflow metabolism 
although any further inference cannot be drawn without further 
experiments to unambiguously identify the product. Traces of 2- 
oxo-glutarate found in the carbon-limited medium were accompanied 
by this second acid and may be evidence of some overflow 
metabolism late in the growth cycle.
3.6.4 Nystatin Production
The differences in nystatin titre between flask cultures was 
dramatic, with titres almost three times higher in the proline 
glycerol medium than in any of the others (Figure 3-29a). The 
buffered GGM medium which supported the the most vigorous growth 
gave relatively poor nystatin titres and when expressed in 
relation to biomass (Figure 3-29b) they were lower than in the 
glycerol ammonia cultures where growth was minimal. The more 
gradual increase in biomass supported by buffered OGGA and the 
two proline based media appeared to be more compatible with 
nystatin production.
The presence at all times of free phosphate strongly suggests 
that nystatin synthesis was not particularly sensitive to 
phosphate regulation. Ammonia excreted by all of the cultures did 
not appear to repress further nystatin production but its  
presence in buffered OGGA during trophophase may account for the 
delayed onset of production in these cultures. An alternative 
explanation is that growth on glycerol repressed production and 
the diauxic shift to 2-oxo-glutarate utilisation relieved the 
repression.
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Figure 3-29 Daily readings of a. nystatin titre and b yield of 
nystatin per unit biomass for cultures of S. noursei grown in a 
selection of media as 50 ml batch cultures in 250 ml Erlenmeyer 
flasks. Cultures were grown at 28 °C on an orbital shaker (50 mm 
throw) rotating at 250 r.p.m. All media were buffered with MOPS 
(50 mM).
Key to media
OGGA = Glycerol (100 mM),
GGM = Glycerol (100 mM),
PGM3 = Glycerol (100 mM),
C10/1 = Glycerol (200 mM),
C20/1 = Glycerol (400 mM), Ammonia
PCL = Proline (100 mM)
2-oxo-glutarate (60 mM) 
Glutamate (60 mM) 
Proline (60 mM)
Ammonia (60 mM)
(60 mM)
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These results outline the type of results obtained in shaken 
flask experiments and appear to vindicate the choice of proline 
as a nutrient worthy of further study in the context of 
antibiotic production. The observations regarding nutrient 
requirements and disposal of excess carbon as 2-oxo-glutarate 
seem to accord well with those made using chemostat culture.
However, ranking the media in terms of the amounts of nystatin
produced gave a pattern which contrasted sharply with that
obtained when continuous culture data for a dilution rate of 0.05 
hr was similarly ranked ie.
in shaken flasks, where MOPS buffer was added the ranking was 
PGM3 »  Pro C-lim > OGGA > GGM > C20/1 = C10/1 
and in chemostat culture
C20/1 > C10/1 > GGM = PGM3 > OGGA > Pro G-lim
The inappropriate buffering of C20/1 and C10/1 media accounts 
for the dramatic change in rank of these two media but the
different ordering of the remaining media in the two cultivation 
systems shows that when using the controlled environment of the 
chemostat to explore the physiology of antibiotic producing 
organisms one may be misled by information gathered from shaken 
flask experiments.
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CHAPTER 4
C O N C L U S IO N S
4 .1  Nutrition of S. noursei
Nutrient requirements of the model streptomycete were shown 
to be similar to those indicated by Pirt (1975) for bacteria 
(Table 4-1). The chemostat experiments clearly illustrated how 
the organism changed its physiology in order to make use of the 
nutrients available. A comparison of yields for substrates when 
present in excess with results for chemostat cultures limited by 
the substrates highlighted the great flexibility inherent in 
microbial systems. This elasticity in yields accords well with 
observations made for eubacteria (Cooney e t  a l. , 1976; Neijssel 
and Tempest, 1979).
Table 4-1. A comparison of the yield of S. noursei on the major 
nutrients with published values for K. aerogenes
Yield on each nutrient (g.mol"1)
Element
K. aerogenes S. noursei
Non-limiting Limiting Non-limiting
C 13.2 12-15 6.4-14
N 122.5 115-125 70-120
P 1.2 x 103 3.1 x 103 1.1 x 103
K 2.3 x 103 2.0 x 103 1.2-2.4 x 103
S 10.7 x 103 12 x 103 11-17 x 103
Mg 10.4 x 103 22 x 103
Fe 374 x 106 1 x 106
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The most elastic values for substrate yields were associated 
with carbon and phosphorus, though only in the latter case was 
the bulk of the excess supplied incorporated into the cell 
structure. The yield on nitrogen rose in response to nitrogen 
limitation although the change in cell composition was minimal 
and the majority of the excess was excreted as ammonia, while 
sulphur limitation produced no detectable increase in the yield 
on sulphur. The amount of flexibility associated with a nutrient 
may be related to the diversity of physiological functions for 
which it  is required. Carbon, which takes part in almost all 
physiological processes and phosphorus which has diverse 
structural and metabolic functions might thus be expected to be 
the most flex ib le . Sulphur, found mainly incorporated into 
proteins or serving a catalytic role e.g. in Coenzyme A, cannot 
easily be redistributed and the fixed yield observed may be a 
reflection of this.
The disposition by the culture of nutrients present in 
excess depended upon the identity of the limiting nutrient. Thus 
excess carbon was apparently le ft untouched in phosphate-limited 
and sulphur-limited cultures while nitrogen-limited cultures 
freely oxidised large amounts of carbon substrates to 2-oxo- 
glutarate and other organic acids.
Cultures grown with proline as sole carbon source were 
forced to take up more nitrogen (as proline) than required. The 
surplus nitrogen was discarded as ammonia, giving a net yield on 
nitrogen similar to that of nitrogen-limited cultures. Although 
nitrogen incorporation was tightly controlled, even when excess
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was available, this did not appear to be the case with phosphate 
where both carbon- and nitrogen-limited cells consumed, and 
retained, much more phosphate than phosphate-limited cultures.
The oxidative modification of excess carbon substrates in 
continuous culture has been reported for a range of microbial 
types including Penicillium  chrysogenum (Mason and Righelato, 
1976), P en ic illiu m  s tip ita tu m  (Linton et a l . ,  1984),
Saccharomyces cerev is ia e  (Rieger e t  a l . , 1983), Streptococcus
fa e c a lis  (Rosenberger and Elsden, 1960), K leb sie lla  aerogenes 
(Neijssel and Tempest, 1975; Cooney e t  a l. , 1976) and, as seen 
with S. noursei, organic acids are frequently produced as a 
result. The accumulation of organic acids in batch cultures of 
eubacteria (Haavik, 1974; Robbins and Taylor, 1989), 
actinomycetes (Surowitz and Pfister, 1985; Ahmed e t  a l . ,  1984; 
Popova and Stepanova, 1962) and fungi thus appears to be an 
indication that, when all nutrients are present in excess, carbon 
catabolism is not matched to biosynthetic requirements and 
overflow metabolism results. Such avidity for carbon sources may 
be part of a strategy evolved to deprive competing organisms of 
these valuable nutrients by capturing them and rendering them 
more difficult to assimilate or toxic. The captured nutrients may 
then be consumed when the original carbon source is exhausted.
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4.2 Characteristics of Chemostat Cultures
The conditions selected for the studies of overflow
metabolism in relation to nystatin synthesis provided a moderate
amount of excess carbon so that any risk of catabolite repression
of antibiotic production was reduced. In chemostat studies
particular efforts were made to further elucidate the reported
ability of proline to enhance antibiotic production in batch
cultures. Media based upon proline or its catabolites, glutamate
and 2-oxo-glutarate, were each used to grow chemostat cultures of
S. noursei at a range of dilution rates and some common features
identified. In each case a dilution rate of 0.02 hr-1 or below
resulted in production of a green pigment and lower culture
v i s c o s i t y .  T h e  e v i d e n c e  a v a i l a b l e  p o i n t s  t o  a n  i n c r e a s e d
fragility of the mycelium which resulted in more extensive damage
by the agitator. These observations are also consistent with a
report from Noack (1988) that, in chemostat culture, S. noursei
shifted from a pelleting form to a more dispersed morphology at
dilution rates of 0.03 hr"1 or less. Once induced, the dispersed
morphology seen by Noack (1988) was stable with increasing
- 1dilution rate up to D = 0.18hr . Pigment production was not
reported by Noack (1988) for S. noursei but he observed that with
S. lividans pigmentation was related to the morphological state 
induced in the culture.
Hysteresis effects of this type could account for the 
failure of nystatin production in glutamate-nitrogen-limited 
cultures to regain their original level of nystatin production
_ -I
a f t e r  a  p e r i o d  o f  g r o w t h  a t  D = 0 . 0 2  h r "  . T h e r e  w a s  h o w e v e r  l i t t l e
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evidence of any similar strict "one-way" effects with nystatin 
production in proline-nitrogen-limited cultures. Pigment 
production and mycelial damage effects disappeared when the
dilution rate was raised, irrespective of the medium in use. Thus 
although morphological changes were seen, either the strain or 
the cultural conditions used would not support the bistable
growth patterns observed by Noack.
Nutrient consumption, growth yields and excretion of carbon 
dioxide remained stable for each set of conditions imposed upon 
the model organism using the chemostat and when a shift from one 
growth rate to another took place these physiological indicators 
rapidly adjusted to give new, stable, values. Such stability made 
i t  possible to collect accurate data from which the cell
composition could be deduced and mass balances constructed for 
the major nutrients. Cell composition in the chemostat cultures 
seemed to be fairly constant, varying little  with changes in 
growth rate nor, except in the case of phosphate, with changes in 
medium composition.
The effects of dilution rate upon a wide range of parameters 
was studied and found to indicate that rapidly growing cells
incorporated carbon into biomass more efficiently and, when 
nitrogen limited, also tended to give a higher yield on nitrogen. 
The increased importance of maintenance functions (Stouthamer and 
Bettenhaussen, 1973; Tempest, 1978; Hempfling and Rice, 1981; 
Mukhopadhyay and Gupta, 1987; Pirt, 1987) at low dilution rates 
might be expected to result in an increased proportion of the 
carbon being used for energy generation. Cultures growing more 
rapidly were also found to have a higher yield on phosphate
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carrying out vigorous overflow metabolism (Table 3 -21), i t  
appeared that rapid turnover of phosphorylated compounds through 
the energy generating pathways reduced the overall demand for 
phosphate. Nitrogen-limited chemostat cultures of K. aerogenes 
have been reported to require less phosphate at high dilution 
rates (Cooney e t  a l . ,  1976) especially when the restriction upon 
growth rate was removed by adding extra nitrogen (Cooney and 
Wang, 1976). In the latter paper mobilisation of internal or 
external reserves of phosphorus was proposed to explain the 
observations and although this cannot apply to steady-state 
cultures of S. noursei it  is possible that the rate of formation 
of reserve materials changes with dilution rate.
4.3  Overflow Metabolism and 2-O xo -g lu tara te
Overflow metabolism was minimal in most of the S. noursei 
chemostat experiments, probably because the amount of excess 
carbon provided was restricted. Where excretion of organic acids 
was observed, 2-oxo-glutarate seemed to be a key product. In most 
of the media used very little  2-oxo-glutarate was excreted and 
for mass balance calculations it  was only necessary to take into 
account 2-oxo-glutarate when it  was a major nutrient (OGGA 
medium) or where large amounts of excess carbon were supplied 
(C20/1 medium). Utilisation of 2-oxo-glutarate accumulated in 
trophophase was reported by Popova and Stepanova (1962) to 
accompany nystatin production by S. noursei during idiophase. 
Linking this observation with the beneficial effects of proline
( T a b l e s  3 - 7 ,  3 - 1 3 ,  3 - 1 7 )  a n d  s i n c e  Y p  w a s  h i g h e r  i n  c e l l s
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led to the formulation of an hypotheses that proline might 
increase polyketide production because it  gave rise within the 
cell to 2-oxo-glutarate which could then enrich the supply of 
methyl malonate via succinyl CoA and methyl-malonyl-CoA mutase. 
The results obtained do not however support this hypothesis 
because:-
1 .  2 - o x o - g l u t a r a t e  a c c u m u l a t e d  v e r y  r e a d i l y  i n  S. noursei, 
s u g g e s t i n g  t h a t  t h i s  a c i d  i s  n o t  r a p i d l y  i n c o r p o r a t e d  i n t o  
s u c c i n y l - C o A .
2. Supplying 2-oxo-glutarate as a major nutrient reduced, 
rather than enhanced, nystatin production.
A particularly interesting observation was that cultures 
supplied with glycerol and 2-oxo-glutarate have a maximum rate of 
assimilation of the acid (q20G = mmol.g -hr ). Exceeding
this rate reduced the amount of carbon recovered as carbon 
dioxide but had no effect upon the amount incorporated into 
biomass (Table 3-16). This implies that rapidly growing cells 
compensated for the limitation on the rate of 2-oxo-glutarate 
assimilation by directing less carbon into energy sp illin g  
reactions.
4 .4  Nystatin Production in Chem ostat Culture
Nystatin production seemed to be an inherent property of 
chemostat cultures of S. noursei  even though in batch culture 
none could be detected until the end of trophophase. Expression 
of nystatin synthesis did not appear to require conditions 
provoking overflow metabolism although results obtained with
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glycerol only media (Table 3-18) showed that more nystatin was 
produced under such conditions. This is indirect evidence that, 
as postulated before starting this work, increasing the 
intracellular pools of carbon catabolites would enhance 
antibiotic yields.
4.4.1 Short Term Instability
Antibiotic production was far less stable than aspects of 
primary metabolism such as respiration, overflow metabolism and 
yield values. Short term instability resulted in changes in 
nystatin titres (usually an increase) in response to 
perturbations of the steady-state, including changes in dilution 
rate. The titre then shifted to a steady value more slowly than 
would be expected i f  the rate of production had immediately 
adopted the new value and any excess antibiotic had been washed 
out of the fermenter. This volatile response, similar to that 
observed by Bartlett and Gerhardt (1959) with continuous 
chloramphenicol fermentations, made it difficult to judge when 
antibiotic production was in a steady-state. Changes of this type 
probably arise from the operation of regulatory mechanisms which 
adjust the amount of biosynthetic enzymes and control their 
action. These mechanisms appear to have evolved in conjunction 
with differentiation and may cause instability because they lack 
the finely tuned feedback regulation characteristic of primary 
metabolism.' The processes involved in differentiation probably 
incorporate some positive feedback to ensure that processes go to 
completion e.g. generating partly formed aerial mycelium and
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unfinished spores would consume resources without producing a 
useful end product. Positive feedback causes systems to change 
rapidly from one state to another and such bistable behaviour has 
been observed in S. noursei by Gr&fe e t  a l. (1978) and Noack 
(1988). The incorporation of positive feedback elements in the 
regulation of nystatin biosynthesis could thus account for the 
tendency of small changes in the chemostat to stimulate large 
changes in titre.
4.4.2 Long Term Instability
The experiments with S. noursei in chemostat culture also 
produced evidence of a longer term instability in nystatin 
production which was probably genetic in origin. Growth at low 
dilution rates in the glutamate based medium seemed to promote a 
progressive and apparently irreversible loss in titre. Repeated 
sub-culture of microbes tends to select variants better adapted 
to laboratory conditions and degeneration in the ability to 
produce antibiotics seems to occur very readily (Williams and 
McCoy, 1953; Perlman e t  a l. , 1954). A chemostat culture may be 
regarded as a continuous series of sub-cultures and as such might 
be expected to select for degenerate strains. Early attempts to 
devise antibiotic production processes based upon continuous 
culture gave indications of strain degeneration with a penicillin 
producing Penicillium  chrysogenum (Bartlett and Gerhardt, 1959) 
and a streptomycin producing S trep tom yces n iveu s  (Reusser, 
1961). However a Streptomyces venezuelae strain producing the 
growth related antibiotic chloramphenicol appeared to be stable
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(Bartlett and Gerhardt, 1959) and there is no mention of 
degeneration in reports of chemostat production of 
chlortetracycline by Streptomyces aureofaciens (Sikyta e t  a l . ,  
1961), oxytetracycline by Streptomyces rimosus (Rhodes, 1984), 
streptomycin by Streptomyces griseu s  (Inoue et al . ,  1982) and the 
jS-lactam antibiotics thienamycin and cephamycin by Streptomyces 
c la v u lig e ru s  (L illey e t  a l . ,  1981). None of these reports 
indicates whether precautions were needed to avoid degeneration 
e.g. by restarting the chemostat from a fresh seed culture at 
regular intervals (Pirt and Righelato, 1967; Bhatnagar e t  a l . ,
1988; Gray and Bhuwapathanapun, 1980) or by using a strain known 
to be stable in continuous culture (Trilli e t  a l . , 1987).
Degeneration of the cultures in the experiments of Bartlett 
and Gerhardt (1959) and Reusser (1961) seemed to be accompanied 
by more efficient carbohydrate utilisation, a characteristic also 
found in degenerate strains produced by repeated transfer 
(Reusser e t  a l . , 1961). Carbohydrate- limited chemostat
cultivation has been shown to favour degeneration in production 
of penicillin  by P en ic illiu m  chrysogenum  (Righelato, 1976), 
turimycin by Streptomyces hygroscopicus (Roth e t  a l . ,  1982) and 
nourseothricin by S. noursei (Noack, 1986). Righelato (1976) 
however found that production was much more stable when the 
culture was limited by nitrogen, phosphate or sulphur and Noack 
(1988) also found nitrogen-limited cultures to be more stable.
The work described in this thesis clearly demonstrated that 
it is possible to get sustained production of nystatin in 
proline-nitrogen-limited chemostat culture for up to 900 hours. 
Replacing the proline with glutamate seemed to have an adverse
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effect on stability, an explanation of which might be formulated 
as follows
1 .  C a r b o n  s o u r c e s  a r e  v e r y  e f f i c i e n t l y  t a k e n  u p  b y  c e l l s ,  t o  
t h e  e x t e n t  t h a t  w h e n  e x c e s s  s u p p l i e s  a r e  a v a i l a b l e  c a r b o n  
c a t a b o l i t e s  o v e r f l o w  o u t  o f  t h e  c e l l .
2. Carbon-limited chemostat culture imposes a strong 
selection pressure for rapidly growing strains with a high 
affinity for the limiting nutrient (Helling e t  a l . , 1987).
3. Antibiotic production consumes energy and materials which 
could potentially be used for growth and might thus be rapidly 
eliminated by adaptation for carbon efficiency.
4. Nitrogen-limited cultures, with carbon and energy to 
spare, can produce the polyketide chromophore of nystatin without 
compromising their competitiveness for nitrogen.
5. The amount of N, P, and S incorporated into antibiotics is 
a small fraction of that required and unless pools of vital
intermediates, like amino acids, are depleted by antibiotic 
production, selection pressure in favour of non-producing mutants 
is minimal.
6. Glutamate is very rapidly taken up by bacteria and
supports a high maximum growth rate by S. noursei. Slowly growing 
chemostat cultures limited by glutamate excrete ammonia,
behaviour more typical of carbon-limited cultures.
Thus it  may be that rapid uptake and some interplay of
assimilatory pathways give glutamate-limited cultures some of the 
characteristics of a carbon-limited culture and lead to selection 
of non-producing variants.
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4 . 4 . 3  I n d e p e n d e n t  C o n t r o l  o f  N y s t a t i n  P r o d u c t i o n  a n d  G r o w t h  R a t e
The proline-nitrogen-limited medium PGM3 produced the most 
exciting results since it  supported nystatin production in 
continuous culture for very long periods and in addition specific 
titre appeared to increase with growth rate. The specific titre 
of nystatin did not appear to change with dilution rate in OGGA 
medium nor, until culture degeneration began, in GGM. Nystatin 
production thus seemed to be growth related in the nitrogen- 
limited media although when the carbon-limited (PCL) medium was 
used an inverse relationship between titre and dilution rate was 
seen. Experiments with S. noursei have demonstrated that it is 
possible to induce growth without nystatin production 
(trophophase), nystatin production with little  or no growth 
(idiophase) and growth-linked production (chemostat). The 
mechanism for switching nystatin production on and off does not 
therefore appear to be inextricably bound up with growth rate. 
Both processes are the net effect of a multitude of biochemical 
reactions and undoubtedly respond to some of the same signals 
which must ultimately arise from the environment of the cells. 
The question of what represses nystatin synthesis in trophophase 
remains, since the antibiotic was produced by nitrogen-limited 
chemostat cultures in the presence of excess phosphate and 
glycerol, and by carbon-limited cultures in the presence of 
ammonia and phosphate. Thus it may require the presence of excess 
glycerol phosphate and ammonia in the medium to prevent nystatin 
synthesis. Cephamycin C can also be produced in chemostat culture 
using C, N or P as the limiting nutrient (Lilley e t  a l . ,  1981;
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Lebrihi et a l . , 1988) although In this case optimum results were 
obtained at low dilution rates when the limiting substrate 
minimal.
Synthesis of some antibiotics is strongly repressed by the 
presence of specific nutrients e .g . glucose, ammonia or 
phosphate, and in chemostat culture, even when supplies are 
restricted by making the nutrient limiting, low dilution rates 
are required to induce production. This suggests that the 
concentration of the repressive nutrient must remain vanishingly 
small and that at higher dilution rates its  steady-state 
concentration is high enough to reduce antibiotic titr e . 
Chemostat studies have shown that cultures producing (3- lactam 
antibiotics display an inverse relationship between titre and 
dilution rate (Pirt and Righelato, 1967; Lilley et a l ., 1981;
Lebrihi et a l ., 1988). In contrast work with polyketide derived 
antibiotics has frequently shown that their synthesis is growth 
related (Sikyta et a l ., 1961; Rhodes, 1984; T rilli et a l ., 1987). 
Inverse relationships have been reported for polyketides (Gray 
and Bhuwapathanapun, 1980) although in this case the Iproducp 
profile was similar to that obtained in PCL cultures of S. 
noursei. The medium used by Gray and Bhuwapathanapun (1980) 
contained multiple carbon and nitrogen sources (betaine, 
glutamate, glucose and methyloleate) making it difficult to 
determine which nutrient(s) was limiting. Decreases in glucose 
content did however reduce the dry weight perhaps indicating that 
there was some degree of carbon limitation.
Regulation of polyketide antibiotics seems to be less 
stringent than that of beta-lactams, making it possible to obtain
200
growth related production particularly in cultures limited by 
nitrogen (this work; Sikyta et a l. , 1961) or phosphate (Rhodes, 
1984; T rilli et a l . ,  1987). These contrasting control strategies 
may have arisen because synthesis of polyketides draws off carbon 
catabolites which might otherwise become overflow metabolites 
while beta-lactam synthesis .competes with anabolic pathways for 
amino acids. The tendency of carbon-limited conditions to reduce 
polyketide synthesis probably reflects the importance of carbon 
catabolites as raw materials although Sikyta et a l. (1961) found 
chlortetracycline production to be growth related in both carbon- 
limited and nitrogen-limited cultures.
4 .5  Form ulation of Media which Induce and Sustain  
Antibiotic Production in Chem ostat Culture
The choice of limiting nutrient and the nature and balance of 
the remaining nutrients may play an important part in determining 
the pattern of antibiotic production in chemostat culture. Gray 
and Bhuwapathanapun (1980) for example reported that using the 
less repressive substrate glycerol in place of glucose increased 
^tylosin by 70%. Phosphate balance in the medium is particularly 
important in some cases e.g. Rhodes (1984) reported that carbon- 
or nitrogen-limited cultures produced oxytetracycline i f  the 
concentration of phosphate in the medium was kept low, while in 
contrast, Kuenzi (1980) found that, unlike batch cultures, 
carbon-limited cultures producing cephalosporin were not 
sensitive to the presence of phosphate.
201
The two major nutrients, proline and glycerol were chosen for 
the starting medium because they appeared to favour antibiotic 
production, possibly because they are less repressive. The 
experiments stripped away possible advantages one by one 
producing a series of surprising results. Proline is slowly 
utilised, a possible advantage, but using a more rapidly utilised 
nutrient, glutamate, gave comparable production although cultures 
seemed prone to degeneration. Amino acids like proline and 
glutamate have also been reported to enhance antibiotic  
production and ammonia to repress it . However replacing the amino 
nitrogen with ammonia and the remainder of the amino acid with 2- 
oxo-glutarate gave slower utilisation, may have improved culture 
stability and, although titres were lower, nystatin production 
was not strongly repressed. The final step of using glycerol as 
the sole carbon source showed that antibiotic was produced in a 
medium which must be among the simplest chemically defined media 
which will support growth of a streptomycete. The experiment was 
run for 520 hr at a dilution rate of 0.05 hr"1 and there did not 
appear to be any degeneration in the ability of the culture to 
produce nystatin.
A steady output of nystatin could be obtained for at least 
500 hr in all of the media tested although stability was reduced 
in OGGA medium at low dilution rates. The presence of proline in 
the medium seemed to improve stability and in the variant used 
for the experiments on magnesium limitation antifungal activity 
in the culture filtrate was as good after 1820 hours as at the 
start of the experiment (additional data in appendix 3).
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Table 4-2. Maximum specific growth rate of S. noursei in six 
media and a comparison of nystatin production in two different 
culture systems.
Medium
(Limiting
nutrient)
Growth
Rate
(hr*1)
Chemostat Culture Flask culture -  Peak values
Product
formation
Ynystatin  
D=0. 05hr-1
(mg.g- 1 )
S t a b i l i t y  
o f  t i t r e
Yn y sta tin . 
(mg.g"1)
Nystatin  
concentration  
(mg.I- 1 )
PCL 0.13 Inverse to 9 620 hr 54 10
(C) growth
PGM 3 0.18 Growth 29 900 hr 158 80
(N) related
GGM 0.33 Growth 30-40 500 hr 32 5
(N) related Poor at low D
OGGA 0.16 Growth 13 500 hr 56 12
(N) related Poor at  low D?
Cl 0 /1 0.21 No data 42 520 hr 22 18
(N) D=0. 05/hr
PGM2 0.16 Growth 7-20* 1820 hr No data No data
(Mg) 0 .11+ related
* Antifungal a c t iv i t y  o f  culture f i l t r a t e  not, as in other cases, whole broth. 
+ Growth rate in the presence o f  EDTA (0 .8 6  mM) .
4 .6  Suggestions fo r Future Work
The results of these experiments, some of which are 
summarised in table 4-2, indicate that S. noursei NCIB 8593 
growing in continuous culture could be a useful model system for 
further studies of the physiology of antibiotic production. The 
system appears to offer stable production at moderate growth 
rates, making it possible to fully exploit the advantages of 
chemostat culture for studies of enzyme levels, intracellular 
pools of antibiotic precursors and putative regulators of the 
process. Using steady-state data for reference, transient states 
could be investigated to determine whether the boost in 
productivity arises from increased enzyme levels, increased
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enzyme activity , increased pools of intermediates or some 
combination of all three. Relationships between growth rate and 
production could also be tied in with enzyme activity.
The results indicated that in nitrogen-limited cultures 
overflow metabolism could enhance antibiotic production but there 
is obviously scope to extend these investigations to a wider 
range of limiting nutrients. The type of overflow metabolites 
produced might be expected to depend upon the nature of the 
limiting nutrient (Neijssel and Tempest, 1975) and it  would be 
particularly interesting to know i f  2-oxo-glutarate is excreted 
when nutrients other than nitrogen are lim iting. Since 
utilisation of external supplies of 2-oxo-glutarate seemed to 
have a maximum rate, experiments to determine its rate of entry 
into the cell and intracellular concentration might reveal 
whether utilisation is transport limited. High intracellular 
concentrations could indicate that the critical step is the same 
one that leads to excretion of 2-oxo-glutarate when excess carbon 
is available.
Further work with the glycerol ammonia media using a range of 
dilution rates could be undertaken to determine whether nystatin 
biosynthesis is a stable characteristic in this simple medium. 
The proline based media, although excellent for maintaining 
culture stability, include a combined carbon and nitrogen source 
a characteristic which can cause difficulties. In contrast the 
simplicity of the medium based upon glycerol and ammonia makes it  
particularly attractive for physiological studies since the 
nature or content of each nutrient may be varied independently of 
all others. Glycerol for example might be replaced by glucose
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and, since replacing proline with glycerol and ammonia was shown 
to have little  effect upon nystatin production, it  would be 
interesting to see i f  glucose would also have a neutral effect. 
Batch culture experiments with S. noursei (Roszkowski et a l .,  
1972) have shown that in a glucose-free medium the intracellular 
sugar pool is higher and that mutants unable to produce active, 
glycosylated, polyenes had lower sugar pools. Comparison of 
mutant and wild-type cultures also indicated that increased 
polyene synthesis was associated with enhanced activity of 
acetyl-CoA and propionyl-CoA carboxylases. An investigation of 
links between these enzymes, sugar pools and regulation of 
antibiotic synthesis could take advantage of the unique features 
of chemostat culture. Since medium composition and growth rate 
may be varied at will, then held constant while measurements are 
taken, these experiments could use a wild-type organism where the 
normal balance of control mechanisms has not been disrupted. Thus 
chemostat culture could be used to obtain insights into 
regulation of antibiotic synthesis without the risk that the 
organism under study is a laboratory-generated freak.
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Table Al-1. Yield on phosphate for carbon-limited and nitrogen- 
limited chemostat cultures of S. noursei grown at a dilution rate 
of 0.05hr” in PGM2. Cultures were grown at 28°C, pH 6.5, stirred 
at 1000 r.p.m. in 3 1 of medium aerated at 3 l.min"1. Biomass was 
estimated from the dry weight of mycelium collected by 
filtration. Phosphate was estimated using the method of Fiske 
and Subbarrow (1925).
C/N
R a t io
P/N
R a t io YP(g .m o l L)
5 .0 0 .1 2 1124
±38
5 .0 0 .1 5 1093
±14
6 .0 0 .1 5 1098
±43
* 8 .8 0 .2 8 1137
8 .7 0 .1 4 1066
±38
1 0 .0 0 . 2 0 1121
±149
12 . 5 0 .1 4 ND
12 .5 0 .1 2 1094
±22
1 5 .9 0 .1 7 1231
±113
1 7 . 6 0 . 2 8 1290
±69
* „ „22 .4 0 . 2 8 1140
* Single steady-state only
** Data included to allow comparison with Table 3-1 
ND Not determined
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Table A2-1. Biomass, residual substrate concentrations and 
excretion of ammonia for phosphate-limited chemostat cultures of 
S. noursei grown at a dilution rate of 0.05 hr" in PGM2 
(glycerol 250 mM, proline 100 mM) . The cultures were grown at 
28°C, pH 6.5 with an aeration rate of 3 l.min" and an agitation 
rate of 1000 r.p.m. in 3 1 of medium. Limits represent the
standard deviation.
P h o s p h a te  
(mM) i
B iom ass
( g . i - 1 )
R e s id u a l
G ly c e r o l
(mM)
R e s id u a l
P r o l i n e
(mM)
Ammonia
(mM)
1 .0 2 .8 242 . 5 5 3 . 5 1 4 . 6
± 0 . 0 ± 6 . 5 ± 0 . 7 ± 0 . 1
2 . 0 6 . 3 2 0 1 .7 3 4 . 5 1 8 . 5
± 0 . 2 ± 1 9 .7 ± 0 . 8 ± 2 . 8
3 . 0 9 . 0 1 3 6 . 5 2 1 .7 8 .1
± 0 . 0 ± 0 . 5 ± 0 . 4 ± 0 . 0
Table A2-2. Biomass residual substrate concentrations and 
excretion of ammonia for sulphate-limited chemostat cultures of
S. noursei grown at a dilution rate of 0.05 hr’ 1 in an ADA 
buffered variant of PGM2 (glycerol 250 mM, proline 100 mM) . The 
cultures were grown at 28 °C, pH 6.5 with an aeration rate of 3
l.min" and an agitation rate of 1000 r.p.m. in 3 1 of medium. 
Limits represent the standard deviation.
S u lp h a te
(mM)
B iom ass
( g - i - 1 )
R e s id u a l
G ly c e r o l
(mM)
R e s id u a l
P h o s p h a te
(mM)
Ammonia
(mM)
0 .1 1 .9 2 3 2 . 7 1 0 . 4 1 2 . 4
± 0 . 0 ± 6 . 6 ± 0 . 0 ± 0 . 3
0 . 2 2 . 9 2 1 4 . 0 8 . 6 8 . 7
± 0 . 2 ± 1 4 . 3 ± 0 . 2 ± 1 . 3
0 . 3 4 . 4 1 6 2 . 0 7 . 5 5 . 8
± 0 . 1 ± 2 . 0 ± 0 . 0 ± 0 . 1
0 . 4 5 . 4 1 4 3 . 7 7 . 5 5 . 1
± 0 . 2 ± 3 . 8 ± 0 . 3 ± 0 . 1
0 . 5 6 . 7
± 0 . 1
1 2 8 . 0 * C A*5 . 4 *4 . 0
S i n g l e  r e a d i n g  o n l y .
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The results presented in figure A3-1 demonstrate that, even 
after 1500 hr in the chemostat, cultures of S. noursei grown in a 
proline based medium could, under suitable conditions, produce as 
much antibiotic as at the start of the experiment. The series of 
events in the experiment included several cycles where the 
dilution rate was raised above Mmax at various magnesium 
concentrations with and without EDTA. The information in Table 
A3-1 is provided to assist readers interested in a more detailed 
study of the events.
Elapsed Time (hr x 103)
Figure A3-1. Biomass of S. noursei ( - -)  and specific titre of 
nystatin (-+-) over the course of the magnesium-limited chemostat 
experiment described in section 3 .1 .9 . Unlike a ll other 
experiments in this study nystatin was assayed using A spergillus  
n iger  as the indicator strain and culture supernatant, not 
solvent extracts of whole broth, were assayed.
2 0 8
Table A3-1. Variations in dilution rate and the concentrations of 
magnesium and EDTA in the feed medium for the experiment shown in 
figure A3-1
From To Magnesium Dilution EDTA Remarks
(hr) (mM) Rate (hr-1) (mM)
44 - 163 0.2 0.05 0.00
163 - 171 0.2 0.20 0.00 Washout cycle
171 - 283 0.3 0.05 0.00
283 - 292 0.3 0.20 0.00 Washout cycle
293 - 378 0.4 0.05 0.00
378 - 404 0.4 0.20 0.00 Washout cycle
404 - 450 0.2 0.05 0.86 EDTA added
450 - 720 0.2 0.02 0.86 D reduced
720 - 959 0.4 0.02 0.86
959 - 1010 0.4 0.05 0.86 Washout cycle
1010 - 1174 0.6 0.05 0.86
1174 - 1179 0.6 0.10 0.86 Washout cycle
1179 - 1195 0.6 0.00 0.86 Pump stopped
1195 - 1223 0.6 0.10 0.86 Washout continued
1223 - 1338 0.8 0.05 0.86
1338 - 1509 0.8 0.15 0.86 Washout cycle
1509 - 1538 0.8 0.05 0.86
1538 - 1798 1.5 0.05 0.86
1798 - 1819 1.5 0.2 0.86 Washout cycle
1822 End of experiment
2 0 9
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